Ecological Studies 237 


Nicole Wellbrock 
Andreas Bolte Editors 


Status and 
Dynamics 
of Forests in 
Germany 


Results ofthe National Forest 
Monitoring 


A Springer Open 


Ecological Studies 


Analysis and Synthesis 


Volume 237 


Series editors 
Josep G. Canadell 
Canberra, Australia 


Sandra Díaz 
Cordoba, Argentina 


Gerhard Heldmaier 
Marburg, Germany 


Robert B. Jackson 
Stanford, California, USA 


Delphis F. Levia 
Newark, Delaware, USA 


Ernst-Detlef Schulze 
Jena, Germany 


Ulrich Sommer 
Kiel, Germany 


David A. Wardle 
Singapore, Singapore 


Ecological Studies is Springer's premier book series treating all aspects of ecology. 
These volumes, either authored or edited collections, appear several times each year. 
They are intended to analyze and synthesize our understanding of natural and 
managed ecosystems and their constituent organisms and resources at different 
scales from the biosphere to communities, populations, individual organisms and 
molecular interactions. Many volumes constitute case studies illustrating and syn- 
thesizing ecological principles for an intended audience of scientists, students, 
environmental managers and policy experts. Recent volumes address biodiversity, 
global change, landscape ecology, air pollution, ecosystem analysis, microbial 
ecology, ecophysiology and molecular ecology. 


More information about this series at http://www.springer.com/series/86 


Nicole Wellbrock * Andreas Bolte 
Editors 


status and Dynamics 
of Forests in Germany 


Results of the National Forest Monitoring 


va Springer Open 


Editors 


Nicole Wellbrock Andreas Bolte 
Thünen Institute of Forest Ecosystems Thünen Institute of Forest Ecosystems 
Eberswalde, Germany Eberswalde, Germany 


ISSN 0070-8356 ISSN 2196-971X (electronic) 
Ecological Studies 
ISBN 978-3-030-15732-6 ISBN 978-3-030-15734-0 (eBook) 


https://doi.org/10.1007/978-3-030-15734-0 
This book is an open access publication. 


© The Editor(s) (if applicable) and The Author(s) 2019 

Open Access This book is licensed under the terms of the Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence and indicate if changes were made. 
The images or other third party material in this book are included in the book’s Creative Commons licence, 
unless indicated otherwise in a credit line to the material. If material is not included in the book’s Creative 
Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright holder. 

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 

The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations. 


This Springer imprint is published by the registered company Springer Nature Switzerland AG. 
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland 


Preface 


Temperate forest ecosystems in Central Europe are changing. This is due to anthro- 
pogenic induced site modification through the deposition of air pollutants as well as 
to the effects of a changing climate. In Germany, the National Forest Monitoring 
Program consists of a forest condition survey and a soil inventory as well as the 
intensive forest monitoring studying ecosystem and their responses to changing site 
and climate conditions. The results allow the assessment of the forest ecosystem 
status and its dynamics. 

This volume compiles and integrates scientific findings of the German Forest 
Monitoring Program covering major challenges of future preservation and manage- 
ment of forest ecosystems under environmental change. What are the main impact 
factors affecting forest stand and soil integrity? How, and how dynamic, are forest 
ecosystems changing due to site and climate variation? How diverse are the chang- 
ing patterns in Germany? What are the main risks for a sustainable forest ecosystem 
management in the future? How can policy support the maintenance and develop- 
ment of adaptive and resilient forest ecosystems providing the required ecosystem 
services, today and in the future? 

In this comprehensive analysis, 49 scientists from different research institutes and 
universities joined hands. 

Mainly based on the National Forest Soil Inventory (NFSD, the analysis is 
supported by case studies from the Intensive Forest Monitoring (Level IT) Program 
in Germany and the results of the nation-wide Crown Condition Survey (CCS), all 
three parts of the National Forest Monitoring Program. Combining a system of 
representative plots (n — 1900) within a regular grid sample of 8 km width (NFSI) 
with process and flux studies on 69 exemplary plots of the Intensive Forest Moni- 
toring Program (Level ID), this program is part of the International Co-operative 
Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP 
Forests). 

The history of the convention can be traced back to the 1960s, when scientists 
demonstrated the interrelationship between sulfur emissions in continental Europe 
and the acidification of Scandinavian lakes. In the 1980s, several studies confirmed 
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the link and public awareness rose linked to the phenomenon of Waldsterben, forest 
die-off. Those discussions resulted in the signature of the International Convention on 
Long-range Transboundary Air Pollution (UNECE CLRTAP). Already prior to this, 
the Federal States of Germany and further countries in Europe installed a system to 
monitor forest condition. Later this method was applied and since then further defined 
and harmonized to serve as a proxy at an international level. In the 1990s, the ICP 
Forests Programme was substituted with the Intensive Forest Monitoring (Level IT) 
and a soil survey. Since 2010, the Forest Monitoring Program is part of the German 
Forest Act (Bundeswaldgesetz $ 41 a) and under the responsibility of the Federal 
Ministry of Food and Agriculture (BMEL). Forest research institutes of the Federal 
states conduct and finance the measurements and assessments on the monitoring plots 
and prepare regional reporting, whereas the Thünen Institute of Forest Ecosystems 
manages the data and coordinates the method harmonization, analyses, and reporting 
at national and international level. 

Under the name “National Forest Soil Inventory (NFST)," a large set of informa- 
tion is combined such as information on forest stand structure, element content of 
needles or leaves, ground vegetation composition, and crown condition information 
(from CCS on the same plots). The comparison of the results of the first (1989-1992) 
and the second NFSI (2006-2008) enabled the assessment of dynamics of forests 
and forest soils. 

Additional process-related parameters are measured within the Intensive Forest 
Monitoring Program (Level ID), e.g., soil solution chemistry, atmospheric deposition, 
or meteorology. The inclusion of process studies provided a deeper understanding of 
cause-effect relationship of ecosystem processes triggered by air pollution and 
climate variation. 

May this volume help to understand the importance of soils and related ecosystem 
processes for the further discussion of sustainable forestry. The functions of forest 
soils are closely related to forest ecosystem integrity and productivity. Thus, both the 
knowledge of environmental change and the related change of forest status and 
dynamics represent a basic principle for successful forest management and forest 
policy. 


Eberswalde, Germany Nicole Wellbrock 
November 2018 Andreas Bolte 
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Chapter 1 
Concept and Methodology of the National — 
Forest Soil Inventory 


Nicole Wellbrock, Bernd Ahrends, Rebekka Bógelein, Andreas Bolte, 
Nadine Eickenscheidt, Erik Grüneberg, Nils Kónig, Andreas Schmitz, 
Stefan Fleck, and Daniel Ziche 


1.1 Introduction 


What is the state of our forests and forest soils today? How have they changed over 
the past 20 years? What actions have had an effect on their status and how? What are 
the risks that continue to play a role or become relevant in the future? The present 
report based on the National Forest Soils Inventory (NFSI) as well as on case studies 
from Intensive Forest Monitoring sites in Germany (see below) addresses these 
questions and provides a nationwide summary on the current state and development 
of forests and forest soils. The results offer scientific evidence supporting the 
evaluation of forest management approaches and policy options at different spatial 
scales. 

Forest soils are the basis for productive and resilient forests that in turn create 
opportunities for sustainable and successful forest management. Soils provide water 
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and nutrients required for forest growth, buffer loading of toxins and acidification 
and compensate for water shortages during droughts. Forests and their soils repre- 
sent one of Germany's most natural ecosystems and contribute an important share to 
its biodiversity. As carbon (C) sinks (Hóhle et al. 2018), forests and their soils play a 
key role in climate protection and compensating for greenhouse gas emissions 
(Leitgeb et al. 2013). 

The current condition of forest soils is the result of both natural changes over long 
periods of time and anthropogenic influences. Natural factors that contribute to the 
formation of soils include the parent material, climate, relief and the flora and fauna 
(Blume et al. 2010). 

Over the past decades, impacts from atmospheric pollution caused by humans 
have had a significant impact on forests (Ellenberg 1971; Ulrich 1987). At the end of 
the 1970s and in the early 1980s, air pollution effects on forests became evident 
based on the condition of the crowns of the trees, followed by the discussion about 
"forest dieback" and new types of forest damage (Kauppi et al. 1990; Ulrich 1983). 
In addition, for many German forest stands, an increasing risk of drought stress has 
been identified over the last 60 years, due to climate change (von Wilpert et al. 2016; 
Schmidt-Walter et al. 2017). Thus, forests can suffer also from interactive effects of 
both atmospheric pollution and climate change impacts like increasing drought 
(Bytnerowicz et al. 2007; Hickler et al. 2012). 


1.3 The National Forest Soils Inventory as a Part 
of the Forest Monitoring in Germany 


Following the discussion on forest decline, a national forest monitoring was 
established, consisting of the periodic assessment of crown condition, the establish- 
ment of selected Intensive Forest Monitoring sites as well as the nationwide crown 
and soil condition inventory (National Forest Soils Inventory; NFSI). In 1984, the 
crown condition plots were established on a 16 x 16 km grid. The 8 x 8 km grid of 
NFSI plots was subsequently installed based on the same grid. As a consequence, 
every fourth NFSI plot is one of the original crown condition plots that became part 
of the European Level I net of the UN/ECE "International Co-operative Programme 
on Assessment and Monitoring of Air Pollution Effects on Forests" (ICP Forests) 
and were also part of the EU BioSoil project. In 2006, a soil inventory took place on 
these plots. All data had been submitted to the Joint Research Centre (JRC) of the 
european commission. 

The NFSI was launched at the end of the 1980s/beginning of the 1990s with 
surveys taking place at approximately 1900 sampling sites (Fig. 1.1). While the data 
gathered in this survey are an important pool of information on its own, integrated 
evaluations, for example, with data from the Intensive Forest Monitoring programme 
(Level ID, allow for comprehensive interpretation of the NFSI data. The Level II 
programme was initiated by the UN/ECE under the "International Co-operative 
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A Intensive monitoring 


Forest distribution 
(CLC, 2006) 


Fig. 1.1 Spatial distribution of Level II and NFSI study sites 


Programme on Assessment and Monitoring of Air Pollution Effects on Forests" (ICP 
Forests), too. Most German sites were established during the mid-1990s by the 
federal states, and many of them have been active since then, partly co-funded by 
the EU. In 2014, a German legislation secured the long-term operation of 68 Level II 
sites (Fig. 1.1). The case studies of the Level II programme aim at understanding 
cause-effect relationships in forest ecosystems, based on measurements of a com- 
prehensive set of parameters. For example, continuous assessments of deposition, 
growth and seepage water allow quantifying input-output element budgets. 
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Table 1.1 Structure of the federal forest monitoring programme 


Monitoring programme (frequency) Grid/plot no. | Assessments 


Extensive monitoring (every 10 years) 


Crown condition (annual) 16 x 16km  |Crown condition 

420 plots Impacts factors, e.g. insects 
National forest soil inventory 8x8km Soil chemistry 
LevelI 1859 plots Soil reaction 


16 x 16km  |Aquaregia (K, Mg, Na, K, P) 

420 plots C, N, S, P 

1:2 extraction nitrogen 

Cation exchange capacity 

Soil water 

Tree growth 

Ground vegetation 

Tree nutrition (leave/needle chemistry) 


Intensive monitoring (continuously) Case studies | Crown condition 
Level II 68 plots Impacts factors, e.g. insects 
Soil chemistry 


Soil reaction 

Aqua regia (K, Mg, Na, K, P) 
C,N,S,P 

Cation exchange capacity 
Soil solution 

Tree growth 

Ground vegetation 

Tree nutrition (leave/needle chemistry) 
Litterfall 

Deposition 

Meteorology 

Air quality 


In line with the federal structure of Germany, data collection for the NFSI plots 
and Level II sites is organized on the level of federal states. The data are compiled at 
the Thünen Institute for Forest Ecosystems for evaluations and assessments on a 
nationwide level. Data analysis took place in a collaborative effort involving the 
Thünen Institute, representatives of state forestry research institutes or environmen- 
tal agencies and external experts. Special focus analyses on heavy metals and 
organic pollutants were conducted by the Federal Institute for Geosciences and 
Natural Resources (BGR) and the Federal Environmental Agency (UBA), respec- 
tively (Table 1.1). 


1.3 Legal Framework 


The second NFSI was initiated in 2001 in a resolution at the Forest Executive 
Conference (Forstchefkonferenz; FCK). Data and analyses from the NFSI provide 
an important basis for the national reporting on greenhouse gases under the 
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Framework Convention on Climate Change (UNFCCC) and the Kyoto Protocol, as 
well as succeeding regulations in the "land use, land-use change and forestry" 
(LULUCF) soil group in the areas of soil and litter. The NFSI provides information 
useful in implementing the Federal Soil Protection Act (Bundes-Bodenschutzgesetz) 
in particular $9 which averting the risk of harmful soil contaminations. An important 
link to international forest monitoring is presented within the framework of the 
UNECE Convention on Long-range Transboundary Air Pollution (also known as 
the Air Convention; CLRTAP). The NFSI data represent an essential part of 
Germany's national contribution to the "International Co-operative Programme on 
Assessment and Monitoring of Air Pollution Effects on Forests" (ICP Forests) as a 
CLRTAP programme specific to forests. These commitments to national and inter- 
national policy advice and monitoring programmes require periodic updates on the 
condition of forest soils. A step towards a legal basis for this effort has been done by 
the 2010 amendment to $41a of the Federal Forest Act. It allows the Federal Ministry 
for Food and Agriculture (BMEL) to collect data on the supply of nutrients and 
pollution loading in forest soils through legislative decree with the approval of the 
states. However, corresponding legislation for the third NFSI will be tabled in 2019. 


1.4 Objectives and Key Questions 


The goal of the NFSI is to generate reliable data on the current state and changes in 
forest soils and selected features of the forests based on a systematic 8 x 8 km grid 
and a repetition of the inventory every 15 years. The information collected is 
representative on regional scale and comparable across the country. Analysis of 
the status and temporal changes is differentiated by region, allowing for the identi- 
fication of areas of particular risk. The comparison with previous surveys, especially 
the NFSI I, is used to identify changes over time. The national grid of the NFSI sites 
can be also used to regionalize processes and findings that have been identified on 
the smaller scale of the Intensive Forest Monitoring (Level II programme). The NFSI 
therefore allows for estimating risks like soil acidification or eutrophication of forest 
stands. Furthermore, the effects of large-scale soil treatments, such as liming, can be 
analysed based on NFSI results. As such, the NFSI is able to contribute to planning 
of sustainable forest management, including balanced soil C and nutrient budgets. 
Besides providing advice for practical forest management approaches, the NFSI 
results offer scientific evidence supporting the assessment of higher-level forest and 
environmental measures and strategies. 

The report consists of (I) a text volume presenting the methods and findings as 
well as (IT) a map volume containing point analyses, composite curves and statistical 
parameters. Specifically, the study addresses questions in the following areas: 


* Soil acidification 
* Nitrogen status and dynamics in forest soils and soil sensitivity to ongoing inputs 
of nitrogen 
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* Current carbon storage and changes of carbon stocks in forest soils (Framework 
Convention on Climate Change and the Kyoto Protocol) 

* Background loading of soils with heavy metals and organic trace elements 

* The interplay of soil characteristics and forest nutrition, crown condition and 
vegetation 

* Risks due to negative changes such as nutrient removal or soil acidification in 
relation to nature conservation and sustainable use of forests 

« Effects in terms of soil chemistry and nutritional status on measures to stabilize 
forest ecosystems (efficiency monitoring, in particular for soil liming and semi- 
natural silviculture practices) 

* The extent of change of soil and forest conditions and the need for a subsequent 
inventory 


1.5 Survey Parameters and Data Harmonization 


The guidelines for the Second National Forest Soils Inventory were developed by the 
NFSI II federal-state working group (Wellbrock et al. 2006). The guidelines were 
designed to create a comprehensive working document for the field surveys for the 
NFSI II. Building on the guidelines for the First Soil Inventory in Forests (BMELF 
1994), adjustments and enhancements were introduced based on new knowledge and 
requirements. As much as possible, these changes took into account the conventions 
of the NFSI I. The compatibility of the methods and their harmonization are 
presented in a separate volume (Hóhle et al. 2018). The guidelines for the survey 
were supplemented with the “Handbuch Forstliche Analytik" (“Handbook of Forest 
Analysis"; HFA) prepared by the Forest Analysis Advisory Committee (GAFA) of 
the Federal Ministry for Food and Agriculture (BMEL), which describes the harmo- 
nized methodologies for laboratory analyses (GAFA 2005, 2009, 2014). 

As specified by the federal-state working group, the NFSI II comprises the 
following focal areas (Wellbrock et al. 2006): 


* General description of the survey sites: point data, georeferencing, data on the 
environmental situation, forest inventory and data on factors causing changes to 
the soil 

* Soils: profile description, soil chemistry (including heavy metals and organic 
compounds) and soil physics separated according to mineral soil and organic 
layer 

* Sampling of needles or leaves 

* Collection of forest growth data (additional inventories modified after Hilbrig 
et al. 2014) 

* Crown condition 

* Ground vegetation 
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Fig. 1.2. Sampling design of NFSI (Hóhle et al. 2018, modified) 


1.6 Inventory Design 


The NFSI was conducted as a systematic sampling inventory of the condition of 
forest soils at a nationwide grid of 8 x 8 km, yielding at about 1900 soil sampling 
sites. The first survey took place from 1987 to 1992 (1991—1992 in the youngest 
federal states of Germany), and resampling was done from 2006 to 2008. As far as 
additional findings from the intensive forest monitoring programme are integrated, 
they refer to the current network of 68 "Level II" sites (Fig. 1.1) and sometimes to 
additional plots sampled according to the same methodology. 


1.7 Soil Sampling 


1.7.1 National Forest Soils Inventory 


The evaluation of the soil condition of the NFSI I was carried out according to an 
issued soil survey manual from (BMELF 1994). The standard methods for sampling 
soils at the NFSI grid plots involved sampling at eight satellites, with a soil profile at 
the centre of a plot (Fig. 1.2). Volume-based samples taken at the satellites were 
mixed for every depth level and plot. Satellites were distributed to main and minor 
geographic directions with a 10 m distance from the profile centre. Soil sampling 
plots of the NFSI II were shifted about 10 Gon from NFSI I satellites. 
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Soil profiles at the centre of the plot were used to designate soil horizons and 
classify soil types according to the manual of soil mapping (GAFA 2005, 2009, 
2014). For both inventories, the forest floor litter with the fraction <20 mm was 
classified as organic layer. In general, the forest floor was divided into a litter (L), a 
moderately decomposed (Of) and a highly decomposed (Oh) layer if the layer 
thickness was >1 cm. At about 80% of the NFSI II plots, also the fraction 
220 mm was sampled as forest floor material. The sampling of the forest floor 
was carried out by mixed samples at satellites with metal frames of different sizes. 
Different organic layers were accounted for as one layer and measured in thickness. 
Sampling of the mineral soil was obligatory for both inventories at satellites for the 
depth layers 0—5 cm, 5-10 cm, 10-30 cm, 30-60 cm and 60-90 cm either as mixed 
samples from the satellites or from the profile. Depending on stone concentration, 
volume-based mineral soil samples were taken with cylindrical core or cap cutter, 
with an AMS core sampler or a motor-driven auger. 


1.7.2 Level II 


The analysis of soil at individual German Intensive Forest Monitoring (Level IT) sites 
is conducted every 10 years. There is no fixed year of sampling that applies to all 
sites. The sampling site design as well as the sampling procedures, chemical analysis 
and quality checks are documented in the ICP Forests Manual (http://icp-forests.net/ 
page/icp-forests-manual). Accordingly, soil samples are taken at a minimum of 
24 locations within the plot, which are aggregated to at least 3 composite samples 
per site. 

On most plots, the organic layer was divided into a litter (L), a moderately 
decomposed (Of) and a highly decomposed (Oh) layer and the mineral soil is 
sampled at fixed depths of 0-10 cm, 10-20 cm, 20-40 cm and 40-80 cm. The top 
10 cm of the mineral soil shall be further divided into the layers 0-5 cm and 
5-10 cm. Other methodological aspects of the Level II soil sampling are directly 
comparable to the methods described for the German NFSI. 


1.8 Laboratory Analytics Quality Management 


For the preparation of NFSI IL, the Assessment Committee Forestry Analytical 
Methods (Gutachterausschuss Forstliche Analytik, GAFA) was formed by the 
Federal Ministry of Food and Agriculture to standardize, determine and document 
methods of analysis on the one hand and to develop and determine a quality control 
programme on the other. All analytical methods used by the NFSI I and NFSI II as 
well as by the German and international forest monitoring programmes like UN/ECE 
ICP Forests programme, EU BioSoil), DIN and ISO Standards as well as the 
methods of the German federal states were subsequently documented and first 
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published in 2005 by GAFA (GAFA 20095) in its manual on forestry analytics, the 
Handbuch forstliche Analytik (HFA). The HFA has been variously supplemented 
and is now available in the latest edition of 2014 (GAFA 2014). 

The quality control programme encompassed 5 concomitant ring tests (3 soil and 
2 humus tests of 6 samples each) and the entrainment of standard material for every 
survey parameter, which had to be analysed by every laboratory on at least 20 sam- 
ples. Large quantities of six standard materials were produced for this purpose, and it 
was determined which material was to be analysed for which parameter. The 
evaluation of the ring tests (Blum and Heinbach 2010) and the examination of the 
standard materials showed that, barring few exceptions, the analytical data of the 
federal states and the laboratories can be evaluated comparatively (Kónig et al. 
2013). Only in 12 individual cases (laboratories of some federal states—a few 
parameters) the data for particular parameters of a laboratory or a federal state 
diverge in a directional bias from the data of the other institutions. The divergent 
data concerns in each case one laboratory/state of the parameter N (soil), Al, Ca, Fe, 
Mn and Zn in aqua regia digestion (humus), K in aqua regia digestion (soil), K and 
Na from the exchange capacity determination (humus) as well as pH (H50) and pH 
(KCI) (humus). For details see König et al. (2013). A real problem are the K 
concentrations in aqua regia digestion (soil and humus), because some laboratories 
have large directionally biased deviations, in one case so much that the data are not 
comparable to the other laboratories. This is probably caused by the different degrees 
to which samples are ground (Houba et al. 1993). Concerning all other parameters 
and analytical methods, it is safe to assume that the NFSI II data of all laboratories/ 
states can be assessed together. 

Based on the results, it must be assumed that the variation within as well as 
between the laboratories amounts to about 10%. Only few parameters show a 
slightly smaller variation [e.g. elemental analysis (soil) C, aqua regia digestion 
(soil) Ca and total digestion (soil) (Ca)]. Table 1.2 gives a general view of the 
average variations of standard analyses and the ring tests summarized for the 
particular methods of analysis and which parameters vary more markedly within 
the particular analytical methods. 


1.9 Sample Preparation Methods 


The sample preparation, analysis and element determination methods used in NFSII 
and NFSI II partly differ due to methodological improvements. Apart from this, 
some laboratories/federal states have made their own methodological modifications 
or have even used entirely different methods as recommended/instructed. The report 
on documentation and harmonization of the National Forest Inventory (Hóhle et al. 
2018) lists in detail which parameters were used and which methods applied, as well 
as which differing methods were used in some federal states regarding NFSI I or 
NFSI IL The report also shows how, using available comparative methodology, it 
was checked to find out which methods were comparable and with which methods it 
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Table 1.2 Overview of the individual analytical methods (parameter groups) and degree of 
variation in the analysis of standards 


Analytical 
method/ 
parameter 
groups 


Average variation 
of average value of 
standard analyses 


Average variation of 
average deviation from 
average value of ring 
analyses 


Parameter 
with larger 


variations Comments 


Elemental ana- N low 
lytics (C, N) +10% +5% concentration 
Effective EC Na Na not 
soil +10% 10-15% comparable 
EC humus H*, Na Na not 
+20% +10-15% comparable 
Total EC soil Mg, Na Na not 
+20% +10-15% comparable 
pH soil and H* Attention: 
humus +20% +40-50% not pH, but 
parameter 
H* 
Aqua regia K, Na K, Na not 
digestion soil: | 10% +10% comparable 
main elements 
Aqua regia 
digestion soil: | 10% +10% 
heavy metals 
Aqua regia Na, Al, K Na not 
digestion +10-15% +15% comparable 
humus: main 
elements 
Aqua regia Cr 
digestion +20% +20% 
humus: heavy 
metals 
NO; in water 
1:2 extract +15% +20% 
Grain size Sand (mean, 
determination | +20% +20% coarse) silt 
(coarse) 
Total digestion 
soils maim +10-20% +5-15% 
elements 
Oxalate extract 
+10% +15% 
EC EU method H*, Na 
+15-20% +15% 


was possible to convert the data using correlation analysis. In the following, there- 
fore, only the standard methods used will be described, with reference to the 
exhaustive description in the manual Handbuch forstliche Analytik (HFA). 
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Prior to analysis all soil, humus or plant samples were, as a rule, stored at 4 °C 
(HFA, method A1.1.1). Humus or plant samples were dried at 60 °C (HFA A1.2.1 
and B1.2.1) and soil samples at 40 °C (HFA A1.2.1). The soil samples were sieved 
by hand or by machine through a 2 mm mesh (HFA A1.3.1). Humus samples were 
also sieved or ground manually through a 2 mm mesh. However, in NFSI I the 
residue was discarded (HFA A1.3.1), whereas in NFSI II only the residue larger than 
20 mm was discarded, while the particles between 2 and 20 mm were ground to size 
with suitable machinery and then added to the 2 mm fraction (HA A1.3.2). The 
admixture of the 2-20 mm fraction, a fraction with high timber content, to the 
«2 mm fraction results in lower nutrient or heavy metal content but in higher C 
levels. This effect is most pronounced in the L horizon of the humus layer, because 
there the 2-20 mm fraction predominates weight by weight over that in the Of and 
Oh horizon. A calculation of supply extenuates dilution and accumulation effects 
(<10%), because humus supply in the L horizon is lower in comparison with that of 
the Of and Oh horizon (Hóhle et al. 2018). For this reason the supply rather than the 
concentration was compared between NFSI I and NFSI II, and the evaluation 
extended over the whole organic layer, and not so much with regard to individual 
layers. 

Humus and soil samples were milled to a suitable gradation using ball or disc 
mills (HFA A1.4.1). For NFSI II humus samples of the 2-20 mm and «2 mm 
fractions were milled together. Plant samples were milled analytically fine 
(0.25 mesh) using ball or centrifugal mills (HFA B1.3.1). 


1.10 Soil Physical Parameters 


In soil layers down to 30 cm, the determination of the volumetric proportion of 
coarse fragments >2 mm (subscript “cf”, HFA A2,8) and of bulk density of fine 
earth was based on fixed volume samples taken with a cylinder (100 cm’) or 
equivalent devices. Coarse fragments were in most cases weighed and their volume 
calculated based on density of the minerals (Der, mostly 2.65 g cm ^); alternatively 
their volume was measured. In soil layers below 30 cm with their usually higher 
proportion of coarse fragments, it was also accepted to use estimated volumetric 
proportions of coarse fragments from the soil profile (V96,5..59 mm) based on visually 
estimated and subsequently converted area proportions. Estimated values from NFSI 
I for layers above 30 cm were discarded in the evaluation process and replaced with 
the measurements from NFSI II. 

Bulk density of fine earth (subscript *fe") was measured depending on the 
volumetric proportion of coarse fragments: If it was below 5%, the fixed volume 
sample was completely dried at 105 °C and weighed such that bulk density (m/V, 
mass/volume) of the whole sample was taken as bulk density of fine earth. 

Fixed volume samples with higher proportions of only smaller coarse fragments 
(2-20 mm) were sieved (2 mm including washing of remainder) in order to separate 
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coarse fragments before determination of weight of fine earth. Bulk density of fine 
earth (BD, g cm ?) and fine earth stock (stock;., t ha !)) were then calculated as: 


Msample — Mecf2-20 mm, sample 
BD fe = y __ Mcf2—20 mm, sample (1 4) 
sample Da 
Mcf2—20 , sampl 
stocky: = BD fe X Vine x ( 1 2 m sample (1.2) 
Der x V sample 


In case of any proportion of larger coarse fragments (20-63 mm), they were 
visually estimated at the soil profile or by samples taken with a spade (Höhle et al. 
2018). In that case, fine earth stock was calculated as: 


V%cr>20 Mef2—20 sampl 
stock; = BD fe x Visyer x ( c mm c mm, sample 


100 Der x V sample u 

Bulk density estimates from NFSI I based on penetration resistance were consid- 
ered too rough estimates (Wirth et al. 2004) and not accepted in the evaluation 
process, but replaced by measurements or estimations from NFSI II. In case of yet 
available older bulk density measurements according to the described methodology, 
the sampling was not repeated in NFSI II (see Sect. 1.17.3). 


1.11 Chemical Analysis of Soil and Humus 


In order to determine the pH values of the NFSI I samples, these were mixed at a 
ratio of 1:2.5 (weight for mineral soil, volume for humus layer) with H5O (pH(H5O); 
HFA A3.1.1.1) or 1 M KCI! solution (pH(KCI); HFA A3.1.1.3), and the pH value 
was determined with a glass electrode. For NFSI II the samples were mixed with a 
volume ratio sample: solution of 1:5 with H2O (pH(H5O); HFA A3.1.1.2), 1 M KCI 
solution (pH(KCI); HFA A3.1.1.4) or 0.01 M CaCl, solution (pH(CaCl,); HFA 
A3.1.1.7), and the pH value was determined with a glass electrode. As these methods 
differ, a conversion of the data had to be undertaken on the basis of available 
correlation analyses (Hóhle et al. 2018), so that the data are comparable and 
standardized to NFSI II methodology. 

The effective cation exchange capacity (ECEC) and the exchangeable cations 
were determined by percolation of the dried and sieved samples with 1 M NH4CI 
solution and subsequent measurement of the cations in the extract (HFA A3.2.1.1). 
The federal states of Bavaria (extraction with 0.5 M NHA4CI solution (HFA 
A3.2.1.7)) and Schleswig-Holstein (percolation with SrCl, solution (HFA 
A3.2.1.6)) have used diverging methods for NFSI I. Here a conversion of the data 
could also be achieved on the basis of available correlation analyses (Hóhle et al. 
2018), so that the data are comparable. The total cation exchange capacity (TCEC) of 
samples containing carbonate with pH(H5O) 76.2 was determined by percolation 
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with a BaCl, triethanolamine solution and BaCl, solution as well as re-exchange of 
the barium (Ba) ions with a MgCl, solution and subsequent measurement of the 
cations in the extract and the re-exchange extract (Ba) (HFA A3.2.1.2); state-specific 
modifications are described in the report (Hóhle et al. 2018). In the humus layer, the 
cation exchange capacity (CEC) was only determined for NFSI II. This was done by 
percolation of sieved samples mixed with quartz sand with a 0.1 M BaCl, solution 
and subsequent measurement of the cations in the extract (HFA A3.2.1.9). 

Diverse methods had been acceptable for the determination of organic C for NFSI 
I: (1) elemental analysis with elemental analysers (HFA D31.2.1.1-D31.2.2.4), 
(2) dry combustion with subsequent conductometric CO, determination according 
to Wósthoff, (3) indirect estimation via loss of ignition at 550 °C and factor 
correction (factor 1.72 for mineral soil and 2 for organic layers) and (4) wet 
combustion with K dichromate and sulphuric acid with subsequent photometric 
chromium (III) determination. For NFSI II elemental analysis, only elemental 
analysers were used (HFA D31.2.1.1—D31.2.2.4). The four methods used for NFSI 
I are regarded as comparable. This is shown by the preliminary study of NFSI II 
(Evers et al. 2002), in which NFSI I samples were re-analysed with elemental 
analysers, for methods (2) and (3) and also by a study by the Ókologisches Labor 
der FHS Eberswalde (Russ and Riek 2011) for method (4). NFSI I carbonate 
determination was carried out gas volumetrically according to Scheibler (HFA 
D31.3.1.1). For NFSI II this was done with elemental analysers (HFA D31.3.1.2, 
D31.3.1.3, D31.3.1.7) or gas volumetrically according to Scheibler (HFA 
D31.3.1.1). The results are comparable. 

Nitrogen was measured in NFSI I through elemental analysis with elemental 
analysers (HFA D581-D58.1.2.1) or through Kjeldahl digestion with subsequent 
photometric or titrimetric determination. For NFSI II only elemental analysers were 
used (HFA D581-D58.1.2.1). The Kjeldahl method is considered to be comparable 
to elemental analysis. This is shown by the preliminary study of NFSI II (Evers et al. 
2002; HFA D581-D58.1.2.1), in which NFSI I samples were re-analysed with 
elemental analysers. 

For the determination of long-term available nutrients and heavy metals, four 
methods of analysis were permitted for NFSI I to determine AI, calcium (Ca), Fe, K, 
magnesium (Mg), Mn and phosphorus (P) concentration, as well as that of the heavy 
metals cadmium (Cd), copper (Cu), lead (Pb) and Zn in the humus layer and P in the 
mineral soil: (1) aqua regia extract (HFA A3.3.3), (2) nitric acid pressure digestion 
(HFA A3.3.4), (3) perchloric acid digestion and (4) total digestion with hydrogen- 
fluoride addition (HFA A3.3.1, A3.3.2, A3.3.5, A3.3.6). Elemental determination in 
the digestion solutions were done by ICP, ICP-MS, AAS and spectrophotometric 
methods. The ring tests that accompanied NFSI I (Kónig and Wolff 1993) showed 
that the four permitted methods for humus sample digestion for NFSI I provided no 
nationally comparable data, as there were standard deviations of up to 3596 and 
maximum deviations of up to 160%. Hence the possibility of nationwide evaluation 
of the data was limited. In order to ensure nationwide comparability of element 
concentration as well as comparability between first (NFSI I) and subsequent (NFSI 
II) inventory, the NFSI I retention samples were subjected to aqua regia digestion 
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according to HFA A3.3.3, and the solution then analysed once more. Now all data 
gained from aqua regia extracts can be compared to another, except the K values, 
which are heavily dependent on the gradation of the ground samples. 

The water 1:2 extract yielded information on soil solution properties. The dried 
and sieved mineral soil samples were mixed 1:2 in proportion to their weight with 
demineralized water, allowed to stand for 24 h and then filtered (HFA A3.2.2.1). For 
the element determination in the extracts, element-specific methods such as ICP, 
ICP-MS, ion chromatography and photometry were used according to HFA, section 
D. The concentrations from the 1:2 extract are supposed to mirror the properties of 
the soil solution below the root area. Schlotter et al. (2009) have, however, shown 
that this is not so with most cations. For the NO; concentrations in the 1:2 extract, 
there is a good correlation to the values from the soil solution (suction lysimeters) 
after standardization of the measured values on the water-soil ratios of field-fresh 
samples (Evers et al. 2002; Kohlpaintner et al. 2012). For more details see Chap. 5. 

Oxalate extracts yielded information on occluded Fe oxides. For this, an extrac- 
tion with 0.2 M ammonium-oxalate solution in a soil solution ratio of 1:50 was 
carried out with the dried and sieved soil samples and Fe and Al measured with ICP, 
ICP-MS or AAS (HFA 3.2.3.1). This method was restricted to NFSI II. 


112 Sampling of Leaves and Needles 


It was mandatory to sample needle or leaves of the four main tree species beech, 
spruce, pine and oak at each plot. Sampling other tree species was optional. At least 
five trees should be sampled from the main species within a stand. A detailed 
description of the sampling method is described in Wellbrock et al. (2006). The 
sampling design is comparable to ICP Forest Manual Part XII. 


1.13 Chemical Analysis of Leaves and Needles 


For NFSI I total N concentration determination, two methods were admitted: 
(1) elemental analysis with elemental analysers (HFA D58.1.3.1) and (2) Kjeldahl 
digestion with subsequent photometric or titrimetric determination. For NFSI II, 
elemental analysis was carried out with elemental analysers only (HFA D58.1.3.1). 
The Kjeldahl method is considered to be comparable to element analysis. This is 
shown by the preliminary study of NFSI II (Evers et al. 2002), in which NFSI I 
samples were re-analysed with elemental analysis devices. 

Chloride (CI) was determined by the combustion digestion method according to 
Schöninger (HFA B3.2.2) and Cl measured subsequently in the extract. There is, 
however, data for only one federal state available. 

Five methods were admitted for the NFSI I determination of nutrients Ca, K, Fe, 
Mg, Mn, P, S, and silicon (Si) and the heavy metals Cd, Cu, Pb and Zn: (1) nitric acid 
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pressure digestion (HFA B3.2.1), (2) total digestion with hydrofluoric acid (HFA 
B3.2.3), (3) aqua regia digestion and (4) perchloric acid digestion and dry ashing 
(not for heavy metals). Element determination in the digestion solutions was carried 
out by ICP, AAS and spectrophotometric methods. For NFSI II nitric acid pressure 
digestion only was used (HFA B3.2.1); element determination in the digestion 
solutions was carried out by ICP, AAS and spectrophotometric methods according 
to HFA, section D. As far as nitric acid digestion was used in NFSI I and NFSII, the 
data are comparable. Total digestion is, in part, not comparable for the elements Al 
and K. All other elements should be comparable, because the digestion methods 
used cover total concentration. 

The determination of 1000 needle dry weight was made by counting from 3 x 50 
to 3 x 100 needles, which were then dried at 105 °C and weighed. The weight was 
then extrapolated to 1000 needles (HA B2.2). The weight of 100 leaves was 
determined by counting from 50 to 100 leaves, which were then dried at 105 °C 
and weighed, whereupon the 100 leaf weight was extrapolated (HA B.3). 


1.14 Tree Crown Condition 


The Forest Condition Survey represents a basic part of the nationwide and Europe- 
wide forest monitoring besides the NFSI and the Intensive Forest Monitoring (Level 
ID. In Germany, the condition of forest trees was recorded first in 1984 and has been 
conducted annually throughout Germany since 1990. The methods are widely 
harmonized and standardized throughout Germany (Wellbrock et al. 2018) and 
also throughout Europe (Eichhorn et al. 2016). The survey is performed on the 
extensive monitoring plots (Level I), which were established wherever the nodes of a 
16 x 16 km grid over Europe coincided with forest land cover. In Germany, some 
federal states performed the Level I sampling on a denser grid in addition to the 
16 x 16 km grid (approx. 430 Level I plots). Between 2006 and 2008, the forest 
condition survey took place nationwide on the denser grid of the NFSI II (mainly 
8 x 8 km). In addition, changes of the grid over time occurred, such as spatial shifts 
of the grid in Bavaria in 2006 and Brandenburg in 2009. The most common 
sampling design in Germany is a cross cluster with four satellites each of which 
comprising six trees. Thus, usually 24 trees are assessed at 1 sample plot. The trees 
are permanently marked. They have to belong to Kraft class 1 (dominant) to 
3 (subdominant), and suppressed trees are not sampled. The Forest Condition Survey 
is primarily based on defoliation, which describes the loss of needles or leaves in the 
crown of a tree compared to a local or absolute reference tree with full foliage. 
Defoliation represents the most widely used indicator for the assessment of tree 
condition and vitality. The estimation of defoliation takes place visually using 
binoculars, and defoliation is recorded in 5% classes from 0% (no defoliation) to 
100% (dead tree). A quality assurance programme including national training 
courses (Eickenscheidt and Wellbrock 2014; Eichhorn et al. 2016) has been initiated 
in order to monitor consistency and reproducibility of defoliation data. In addition to 
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defoliation, several other parameters (e.g. discolouration, insect infestation and 
fructification) are recorded. A detailed description of the survey can be found in 
Wellbrock et al. (2018) for Germany and in the ICP Forests Manual Part IV 
(Eichhorn et al. 2016) for Europe. 


1.15 Critical Loads 


Critical loads of pollutants are defined as the annual deposition below which no 
long-term harmful effects on ecosystem structure and function are expected 
according to present knowledge (Nilsson and Grennfelt 1988). Site-specific critical 
loads were calculated for acidity and for nutrient N after the simple mass balance 
method (SMB; Sverdrup and de Vries 1994) according to the ICP manual for 
modelling and mapping (CLRTAP 2016). For a detailed description of critical 
loads calculation on NFSI plots, see Höhle et al. (2018). 


1.15.1 Critical Loads of Acidity 


Critical loads of acidifying depositions (CL,.;) are calculated from the most impor- 
tant proton sources and sinks (CLRTAP 2016): 


CLaci(S +N) = BC.) — Clip + BC, — Be, + Ni + Nu + Nae 
— ANCk, crit (1.4) 


where BC are base cations (Ca + Mg + K + Na) while Bc are nutrient cations 
(Ca + Mg + K), asterisks mark sea salt corrected (Posch et al. 2003, 2015) deposition 
(subscript dep), and the subscripts w, u, i and de stand for weathering, net growth 
uptake by harvested trees, immobilization and denitrification, respectively. ANC, crit 
is the critical leaching of acid neutralizing capacity. Because sulphur (S) and N 
depositions both contribute to the acid load, no unique critical loads for either element 
can be determined. As N sinks cannot compensate S deposition, the maximum critical 
load for S CLinax(S) is given by: 


CLmax(S) = BC}. — Clip + BC, — Be, — ANCie, crit (1.5) 


Equation (1.5) applies only if N depositions are lower than the N sinks 
(CLmin(N)), i.e. if Ngep < CLinin(N) = N; + N,. Together with the maximum critical 
load for acidifying N (at Saep = 0) CLmax(N) = CLmin (N) + u where fje is the 


=J de 


denitrification factor, these quantities define the critical loads function for acidity 
(CLF,.;) for pairs of Naep and Saep (CLRTAP 2016). 
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The leaching (subscript le) of acid neutralizing capacity (ANC) is defined as: 


ANCie = HCO} e + RCOO;, — Hi; — Al 
= Q x ([HCO;] + [RCOO=] - [H+] — [AP*]) (1.6) 


where Q is the precipitation surplus. The critical leaching of acid neutralizing 
capacity ANC, «4 is calculated from either a critical proton or Al concentration. 
Both are related through the gibbsite equilibrium constant Kgipp = [AIV[HT". The 
critical limit for Al or hydrogen (H) is chosen from the most vulnerable receptor out 
of four criteria. (1) To reduce phytotoxic effects, a critical Bc/AI ratio is calculated as 
weighted mean of tree species-specific tolerated ratios (with growth reductions of 
approx. 2096; Sverdrup and Warfvinge 1993) for plots on mineral soil and a 
respective critical Bc/H ratio for plots on peat and peaty mineral soil. To calculate 
ANCyie crit from these ratios, site-specific nutrient cation leaching is given by 
Beye = Begep + Bey — Bc, (CLRTAP 2016). (2) For soils with base saturation 
>30%, these criteria are not sufficient to conserve base-rich ecosystems. Therefore, 
a critical pH is set at the lower boundary of the site-specific buffer range (Ulrich 
1981; Balla et al. 2013). Buffer range was determined from weighted actual pH 
(H20) of the rooted zone. (3) To maintain soil structural stability, Al leaching should 
not exceed Al weathering, which can be related to base cation weathering by 
Al, = 2 x BC, (CLRTAP 2016). (4) Vegetation-specific critical limits for base 
saturation have been derived from the BERN model by Balla et al. (2013). These 
were converted to critical H concentrations with a GAPON exchange equilibrium 
(de Vries and Posch 2003; CLRTAP 2016). 


1.15.2 Critical Loads of Nutrient Nitrogen for Soils 


Critical loads of nutrient N (CL„„(N)) are calculated as (CLRTAP 2016): 


Nie(acc) 
= Jae 


CL;4(N) = Ni + Nu + (1.7) 


The acceptable N leaching Ne,acc is calculated from acceptable N concentrations 
in soil solution (Nerio): 


Nie(acc) = Q X Nerit (1.8) 


The critical limit of N concentration in soil solution (N...) is set for each plot as the 
minimum of two criteria (Balla et al. 2013; ARGE_StickstoffBW 2014): (1) To 
prevent vegetation changes, Neritplany Was taken from the BERN model 
(ARGE_StickstoffBW 2014; Balla et al. 2013) based on CLRTAP (2016) for near- 
natural forest ecosystems. To this end, NFSI plots were characterized according to 
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their plant sociology based on vegetation relevés (Ziche et al. 2016) and assigned to 
the reference plant communities of the BERN model (Andreae et al. 2016). Neritcpianty 
was setas 3 mg I^! for forest plantations. (2) To prevent nutrient imbalances, Nerinut) 
was derived from the vegetation-specific critical Bc/N ratio after the BERN model 
(Balla et al. 2013; ARGE StickstoffBW 2014). For this purpose, nutrient cation 
concentrations in the rooting zone were calculated from Bce, Q, available field 
capacity, soil bulk density and cation exchange capacity from the NFSI II soil 
samples. Additionally, we compared the results from the described (“modified”) 
approach to the conservative and save approach where Neit is set to 0.2 mg 1! in 
broadleaf and 0.4 mg I”! in coniferous forests to prevent nutrient imbalances 
(CLRTAP 2016). 


Exceedance of Critical Loads 
Exceedance of critical loads for pollutant X by atmospheric deposition Xaep is 
defined as: 


Ex(X) = Xa — CL(X) (1.9) 


Exceedance of CLaci depends on two pollutants (S and N) and is defined by the 
critical loads function CLF,.; (CLRTAP 2015, 2016). A multiple-criteria CLF 
regarding acidifying S and N together with eutrophying N is derived by substituting 
CL nax(N) through min(CLinax(N), CLnu(N)). Because critical loads are determined 
to evaluate anthropogenic emissions, the deposition fluxes were sea salt (Posch et al. 
2015) corrected. 


1.15.3 Derivation of Input Data 


Time series of atmospheric deposition of S, N, Ca, Mg, K, Na and Cl as well as sea 
salt corrected deposition rates (Alveteg et al. 1998) were modelled for each NFSI 
plot (see Sect. 1.13). To estimate Bce, we used the long-term mean (1995-2015) 
total deposition except for the derivation of Noi», where only the sea salt born 
deposition is considered (Balla et al. 2013). 

As gibbsite equilibrium constant Kgipp, the widely used default value of 
300 m? eq ? was applied on mineral soils and 100 m? eq ? on peat and peaty 
mineral soils (CLRTAP 2016). 

Precipitation surplus (Q), rooting depth (86% cumulated root mass) and available 
field capacity was estimated for every NFSI plot by von Wilpert et al. (2016). 

Bicarbonate concentration ([HCO3]) was calculated from the first dissociation 
constant, Henry's constant and a temperature-dependent estimation of CO; partial 
pressure according to CLRTAP (2016). 

Concentration of dissociated organic acids ([RCOO-]) was estimated according to 
CLRTAP (2016) from reference concentrations of dissolved organic C (de Vries et al. 
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2005), an exemplary amount of functional groups per molC (Santore et al. 1995) and 
a pH-dependent estimate of the first dissociation constant (Oliver et al. 1983). 

Base cation weathering rate (BC,,) was derived according to Posch et al. (2015) as 
a function of texture and parent material classes with a temperature correction. The 
weathering rate of nutrient cations (Bc,,) was approximated by multiplying BC, 
with a soil richness factor (0.7-0.85) dependent on cation exchange capacity and 
available field capacity to distinguish between poor sandy (0.7) and rich soils (0.85). 

Net growth uptake (Ny, Bc,) was calculated based on the average (100 years) 
increment in wood and bark as estimated from Harmonized Stand Inventory and 
yield tables (Schober 1975). Recent growth rates are higher due to increased N input 
(Laubhann et al. 2009) and other environmental factors (Pretzsch et al. 2014); 
therefore it is recommended to use “old” yield tables for critical load calculations 
(Posch et al. 2015). Volume increments were transformed in wood and bark mass 
using wood and bark densities (Ahner et al. 2013) and bark/wood ratios 
(Rademacher et al. 1999). Element concentrations in biomass compartments were 
taken from Jacobsen et al. (2002). 

Denitrification (Nae) is formulated as  deposition-dependent quantity: 
Nae = Nie, acc X Ls rm The denitrification factor fy. was derived from soil texture 
and drainage status according to CLRTAP (2016) as described in Andreae 
et al. (2016). 

Long-term N immobilization rate (N;) was derived from actual N stocks in 
organic and mineral soil layers (0-90 cm) and estimated soil age (10,000 a for 
glacial and 24,000 a for periglacial soils according to the extension of the last glacial 
maximum; Hóhle and Wellbrock 2017). 


1.16 Atmospheric Deposition 


Following Thiele et al. (2017), the long-term trends for the deposition of N, S and 
base cations were calculated with the model MAKEDEP (Alveteg et al. 1998). For 
details on methodology, see Schaap et al. (2017). To reconstruct the deposition 
before 2009, we used the regional trend from the EMEP database (Tarrasón and 
Nyiri 2008) and standard time series from Alveteg et al. (1998). These time series 
provide only trend information for S and N. For the long-term development of 
emissions and deposition of Ca, Mg, K and Cl, very little information is available. 
In addition, there are a number of different local sources of emission that can 
contribute to the deposition of these elements. These sources can vary widely 
depending on local and regional factors. This is especially the case for K (Dämmgen 
et al. 2013a). However, long-term studies of the deposition process (Dümmgen et al. 
2013a, b; Hedin et al. 1994; Meesenburg et al. 1995) show that Ca and Mg at least 
partially follow the trend of S deposition. Therefore, it is assumed that the 
non-marine portion of the deposition of these elements can at least be partly 
associated with human activities and have the same trend as the stand S curve 
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(Johansson et al. 1996). For K and Cl, the influence of emission-reducing measures 
was also considered (Dámmgen et al. 20132), but this is not quite as pronounced as 
for S. More details on the assumptions and evaluation are given in Hóhle et al. 
(2016). Examples of this approach to generate time series of N and S are described in 
Ahrends et al. (2010), Fleck et al. (2017) and Hauck et al. (2012). In Eastern 
Germany high depositions rates (fly ashes from brown coal-fired power plants) 
occurred in the 1970s and 1980s and are accordingly no longer relevant for the 
deposition rates between the two NFSIs but of course for the soil chemical state and 
its dynamics (Riek et al. 2012). 


1.17 Statistics 


1.17.1 Weighting 


Weighting of the NFSI plots according to the proportion of forest area they represent 
was carried out in order to receive an area-representative result. Weighting was 
necessary because grid densities partly deviated from the 8 x 8 km grid. The 
weighting factors were calculated as follows (see Eq. 1.10): 


A 1 
Wı= 7 —x-— (1.10) 
A Pu 


with: 


W, = Weighting factor of the NFSI plots in the federal state 1 
A, — Forest area of federal state 1 
n, = Number of NFSI plots in the federal state 1 


This weighting approach assumes that the plot density within the forested area of 
a federal state is homogeneous. The proportion of the forest area of a federal state on 
the forest area of entire Germany was derived from the Corine land cover data 1990 
(EEA 2010a) and 2006 (EEA 2010b). 


1.17.2 Basic Evaluations 


Statistical parameters (e.g. arithmetic means, standard deviations, 10., 25., 50., 75. 
and 90. percentiles) were estimated for each soil depth layer (organic layer, 0—5 cm, 
5-10 cm, 10-30 cm, 30-60 cm, 60-90 cm). An aggregation of soil depth layers, 
e.g. the entire profile (organic layer and mineral soil up to a maximum of 90 cm soil 
depth), was conducted for some parameters. For concentration, a weighted aggre- 
gation was carried out according to stocks (organic layer stock and fine soil stock). In 
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case of pH values, the values were delogarithmized, and the aggregation was done 
on basis of the H* concentration. 

Both the soil parameters for the NFSI II and the temporal change of these 
parameters between the two NFSIs were analysed. The annual rate of change was 
calculated as difference between the NFSI I and NFSI II divided by the 
corresponding time difference. Peats and highly organic soils (63 plots) were not 
considered for the analyses of the temporal changes but for the description of the 
state at the NFSI II. The majority of the plots have been sampled at both surveys. 
These plots represent paired samples. Calculation of changes was done for paired 
samples as well as for the entire collective (paired and unpaired samples). For paired 
samples, change rates were calculated as the difference of values between NFSI II 
and NFSI I divided by the number of years between both surveys. For the entire 
collective, the calculation of the change rates was based on federal state means. 
Hence, at most 16 values were available for statistical evaluations. 

Differences were tested for significance using a weighted differences t-test. The 
forest-area weighted values of the state at the NFSI II and the temporal changes were 
presented as boxplots according to soil depths. A solid line indicates the median and 
a diamond the arithmetic mean. The length of the box reflects the interquartile range. 
The whiskers represent the lowest or highest value within the 1.5-fold interquartile 
range starting from the lower or upper quartile. Outliers are not shown but are 
included in the calculations for the boxplots. Within the boxplots significant differ- 
ences were indicated by a star. The state at the NFSI II and temporal change rates 
were furthermore visualized using maps and cumulative frequency distributions. The 
classification is again based on weighted percentiles. Therefore, in general data of 
both surveys were used for estimating weighted percentiles; however, in cases where 
only data of the NFSI II were available, percentiles were calculated from these data. 

Furthermore, values were stratified using a number of potential strata alterna- 
tively: grouping variables, e.g. forest stand type, types of acidification and liming. 
The stratification aims at identifying cause-effect relations, and therefore, 
unweighted values were used. The comparison of means was performed using 
ANOVA. The group means were compared using Bonferroni corrected t-tests. 

Further details on the statistical methods are explained in the respective chapters. 
Statistical significance is defined at p « 0.05. Results are presented as arithmetic 
means + standard error, unless indicated differently. The statistical basis evaluations 
were conducted using R 3.3.3 (R Core Team 2017) and SAS 9.4. The maps were 
made using ArcGis 10.3.1 for desktop. 


1.17.3 Challenges and Solutions 


The derivation of trends in element stocks from element concentration and fine earth 
content measurements at two points in time is challenging due to the numerous 
possibilities for measurement errors. High spatial and temporal variability of element 
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concentrations on the same plot, the representativeness of subsamples of sieved soil 
taken for measurements, the relevance of extremely low concentrations in the deeper 
soil layers, the difficulty of accurate volumetric estimations of fine earth contents and 
bulk density of soil samples, the variable accuracy of laboratory measurements at 
both points in time and the inaccuracy of depth delineations are the main error 
sources (Vanguelova et al. 2016). 

Several measures were taken from the beginning to counteract these error sources 
in NFSI II: 


Spatial and Temporal Variability 

Spatial variability on the plot scale was counteracted by sampling repetition on eight 
satellite points, at least up to a depth of 30 cm and in nearly all of the federal states. 
Below 30 cm it was allowed to reduce the number of sampling locations to four, and 
this is in accordance with the expected depth gradient in spatial variability of element 
concentrations from organic layers to the deeper layers of the mineral soil (Bekele 
et al. 2013; Wang et al. 2017). In certain cases, however, spatial variability may 
require even more sampling locations to reach low standard errors (Kirwan et al. 
2005; Schrumpf et al. 2011), thereby potentially introducing an unavoidable uncer- 
tainty. Also the seasonality of soil processes may introduce uncertainties, since 
samples needed to be taken throughout all seasons in usually more than 1 year in 
order to cover all sampling locations. However, these uncertainties are not expected 
to introduce directed errors, and should thus decrease when means over several plots 
are reported. Sampling dates were recorded in order to enable later analysis of such 
influences. 


Representativeness of Subsamples 

The smallest-scaled part of spatial variability was counteracted by the mere size of 
soil samples taken in the field (2 cm to 4 cm in diameter), thereby integrating over 
earthworm burrows, fine root channels and bulk soil. The soil samples produced 
were, thus, a mixture of material from these origins and were well mixed due to the 
combination with material from the other satellite points, sieving, milling and 
drying. In most federal states, the dry samples were stirred when subsamples were 
taken in order to improve the representativeness of subsamples; only one federal 
state (North Rhine-Westphalia) employed a sample divider (HFA A1.3.1) in both 
NFSIs to partition subsamples from whole samples. 


Low Concentrations in Deeper Soil Layers 
The laboratory-dependent limit of quantification was recorded together with analysis 
results in order to be able to judge the reliability of very low concentrations. 


Accuracy of Fine Earth Stocks and Bulk Density 

Fine earth stocks were derived from bulk density and coarse soil fractions that were 
estimated or measured with different approaches (see Sect. 1.9). It was assumed that 
change of these parameters between NFSI I and II is negligible, and, therefore, their 
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values were held constant in all evaluations of the paired sample, in most cases 
employing the NFSI II value. 


Variable Accuracy of Laboratory Measurements 

The variable accuracy of laboratory measurements at both points in time was 
investigated by frequently repeated inter-laboratory ring tests that forced laboratories 
to improve their methods (Kónig and Wolff 1993; Blum and Heinbach 2010; Kónig 
et al. 2013). 


Inaccuracy of Depth Delineations 

Due to the operator-dependent delineation of organic layer and upper mineral 
soil, the evaluation of each respective layer (organic layer and 0—5 cm of mineral 
soil) was for the most critical parameters compared with a combination of both 
layers. 
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2. Introduction 


The historical use of European forests has significantly affected forest soil conditions 
(Wittich 1951; Hárdtle 1995; Ludemann 2002; Lüst and Giani 2006; Peters 1990; 
Rinklebe and Makeschin 2003). As a consequence of centuries of use by humans, 
until recently forests have been subject to severe losses of nutrients, for example, 
through harvesting of wood for fuel and lumber, bark utilization and litter raking, 
forest pasturing, clear cutting and slash-and-burn clearance with subsequent agri- 
cultural use and the associated erosion of the soils (Ellenberg and Leuschner 2010; 
Kreutzer 1972). Today, standard restrictions on forest utilization to timber 
harvesting have meant that these impacts have been curbed significantly 
(Bundeswaldgesetz). The majority of modern forests are the result of decisions 
based on silvicultural management that has left behind stands of multiple genera- 
tions. The selection and mix of tree species and the structure of the forest stands have 
had a particularly significant impact (Augusto et al. 2002; Pretzsch et al. 2010). 
Forest management has exerted a considerable influence on the quantity and distri- 
bution of organic substances in the soils, the material cycles, deposition loading and 
the acid-base ratio, as well as the interior forest climate and water regime. 

Over the past decades, inputs from atmospheric pollution caused by humans have 
had a significant impact on forests (Ellenberg 1971; Ulrich 1987; de Vries et al. 
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2014; Waldner et al. 2015). At the end of the 1970s and in the early 1980s, this was 
first officially identified based on the condition of the crowns of the trees and was 
initially discussed as "forest dieback" and later as a new type of forest damage in 
many countries (Kauppi et al. 1990; Ulrich 1983). The three main effects of air 
pollution from sulphur (S) and nitrogen (N) compounds as well as ozone that were 
identified and discussed as reasons for this damage were (1) direct harmful effects on 
the assimilation organs of trees from acidic S emissions (Wentzel 1979, 1982) and 
ozone (Bucher 1984); (2) root damage and magnesium deficiencies resulting from 
soil acidification, leaching of bases and release of aluminium and heavy metal ions 
that are toxic to roots (Ulrich 1986, 1995); and (3) nutrient imbalances accruing due 
to the deposition of eutrophying N (Nihlgärd 1985). 

The onset of the industrial revolution has resulted in a continuous increase in 
anthropogenic depositions of sulphur and nitrogen in Central Europe. These perma- 
nent element inputs led to changes in the element budgets of forest ecosystems, 
which therefore can no longer be considered as constant but as dynamic systems. 
The acid-base balance and the N budget are particularly affected by anthropogenic 
depositions. Atmospheric S and N compounds mainly originate from industrial 
sources such as traffic (NO,), industrial plants, energy conversion (SO,, NO,) as 
well as intensive agriculture (NH,). Sulphur dioxide and NO, form strong acids with 
the water contained in the atmosphere and are mostly carried to the forest soil by 
precipitation. The canopy absorbed parts of nitrogen, too. Deposition of NH, also 
results in soil acidification due to nitrification to nitrate. Nitrate leaching can further 
lead to ground water pollution and cation losses. In addition, the greenhouse gas 
nitrous oxide may be produced during denitrification of nitrate. In natural ecosys- 
tems, N is limiting growth. However, eutrophication of forest ecosystems indicated 
by nutrient imbalances and changes in the species composition may be results of 
long-term N surplus. Besides S and N depositions, anthropogenic base cation 
depositions occur and could in particular be observed as alkaline-rich fly ashes in 
former eastern Germany. Deposition rates of S and N below which no long-term 
harmful effects on ecosystem structure and function are expected are based on the 
concept of critical loads (Nilsson and Grennfelt 1988). 

The "stress hypothesis" links the effects of the deposition of substances with 
additional biotic and climatic factors into a complex of interactions among 
predisposing, triggering and contributing stress factors (Manion 1981; Schütt et al. 
1984; Eichhorn et al. 2005). Therefore, the interactive effects of climate change can 
also be described together with the effects of air pollution and substance depositions; 
in such a scenario, effects can both be enhanced and mitigated (Bytnerowicz et al. 
2007). 

Following on the discussion of forest decline in Germany, a nationwide soil 
condition inventory (National Forest Soils Inventory; NFSI) was launched at the end 
of the 1980s with surveys taking place at approximately 1900 sampling sites in 
forests. Systematic inventory sampling in 8 x 8 km grids across the country allowed 
describing forest soil conditions representative for Germany. Combined with inten- 
sive monitoring (Level ID, the NFSI represents an integral component of environ- 
mental monitoring of forest ecosystems. Results of the first National Forest Soils 
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Inventory (NFSI I) were published by Wolff and Riek (1996) reporting a substantial 
and extensive acidification and depletion of basic substances independent of sub- 
strate throughout the topsoil layer, as well as a tendency towards levelling of the 
chemical condition of the topsoil. Accumulation of copper and lead in the organic 
layer was elevated. The conclusions were supported by critical results for the 
nutritional status and crown condition of the trees. Elevated depositions of S, N 
and heavy metals were seen as the cause for the very low contents of magnesium, in 
particular in spruce trees, which were also evident in higher loss of needles. 
Transnational action to control air pollution (e.g. Convention of Long-Range 
Transboundary Air Pollution CLRTAP; UNECE 1979) has meant a decrease of S 
depositions in particular. Input of fly ash has also dropped significantly since lignite 
combustion, the principal source of fly ash, has declined considerably following the 
reunification of Germany and technical efforts (filter systems). In contrast, however, 
little change has been achieved in inputs of N (Waldner et al. 2014, 2015). Accord- 
ingly, atmospheric deposition must continue to be regarded as crucial (Verstraeten 
et al. 2012). As a consequence raised from the results of the NFSI I, forest stands 
especially affected by acidification were limed, and several countries began intensive 
forest conversion efforts. 

To describe the changes of forest soil conditions over a period of 15 years, the 
second National Forest Soils Inventory (NFSI ID was carried out from 2006 to 2008. 
An integrated evaluation of the forest conditions and their soils was made possible 
through correlation with other surveys of crown condition, nutritional status of the 
trees and vegetation. In addition interpolated climate data, information about geol- 
ogy and substrate classes and profile descriptions with soil-type and humus-type 
classification are available. 


2.2 Changes of Atmospheric Deposition on NFSI Plots 


The modelled atmospheric depositions on NFSI plots show a considerable decline in 
element inputs during the last two decades (Fig. 2.1) as consequence of extensive 
emission reduction measures. The importance of NH, on the total acid deposition 
however increased due to the strong decrease of S deposition (Schópp et al. 2003). 
Therefore, reduced N inputs from agriculture represent the main source of impact for 
many forests in Germany in recent years. Specific regional patterns of atmospheric 
depositions have developed. Spatial differences depend upon the source 
(e.g. agriculture, traffic infrastructure), the diameter and weight of the particles, the 
climatic situation and the surface or canopy roughness. 
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Fig. 2.1 Trends of annual atmospheric depositions of pollutants (SO,, oxidized S; NH,, reduced N; 
NO,, oxidized N) and base cations (Ca, K, Mg) between 1990 and 2006. Depositions were sea salt- 
corrected with exception of N depositions 


2.3 Climate 


Germany is situated in the warm-temperate humid climate zone of middle latitudes 
in the transition between oceanic climate of Western Europe and continental climate 
of Eastern Europe. The oceanic climate impact decreases from West to East, while 
from North to South, the climate is controlled by increasing height above sea level. 
The lowlands are characterized by relatively warm and dry climate; however, a cool 
and humid climate is predominant at the mountain ridges. The slopes of the 
mountain ranges are characterized by locally limited warm climate because those 
areas are protected against cool winds due to their lower height. Climate date was 
derived by a method described by Ziche and Seidling (2010). Evaluating climate 
variables is based on the evaluation criteria by AK Standortskartierung (2003) as 
well as revaluations by Wolff et al. (2003). The annual mean temperature on sites of 
the NFSI ranged between 7 and 9 °C. The distribution of annual mean temperature 
showed with 1% a very small proportion of alpine but with 44% a high proportion of 
colline sites. Also frequently were submontane sites accounting for 2996, while 
montane and planare sites were less common sharing 12% and 10%, respectively. 
The proportion of high-montane and warm-planar sites decreased significantly with 
a share each of 2% (Fig. 2.2). 
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Fig. 2.2 Spatial distribution of the annual mean temperature on NFSI plots (classification 
according to Wolff et al. 2003) 


In case of the annual mean precipitation, there were a proportion of «0.596 with 
only a few very dry sites; however, much more sites were dry (1496), very weak dry 
(14%), humid (10%) and very humid (9%). Sites with moderate precipitation were 
most frequent ranging from weak dry to weak humid accounting for 25% and 28%, 
respectively (Fig. 2.3). 
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Fig. 2.3 Spatial distribution of the annual precipitation on NFSI plots (classification according to 
Wolff et al. 2003) 


2.4 Soil Parent Material Groups 


The growth of forest trees is controlled by water availability and nutrition supply 
which is especially determined by site properties resulting from parent materials for 
soil formation. We distinguished among eight groups of various soils parent mate- 
rials. The largest proportion with 42% was found for soils from base-poor consoli- 
dated bedrock, followed by soils from base-poor unconsolidated sediment accounting 
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for 21%. The latter group consists of nutrient-poor, largely sandy river deposits, 
periglacial sediments or river terrace deposits and is widely distributed in the North 
German Lowlands, while the former group comprises various acidic, crystalline and 
sedimentary bedrocks, partly covered or mixed with loess. These sites are most 
frequent in mountain ranges of middle and south Germany. Loamy soils of the 
lowland accounted for 1396 of the survey plots, covering a broad range of various 
forest sites. Main distribution areas are the undulating lowlands and hilly areas with 
loamy-clayey, partly calcareous moraine deposits as well as sites in loess areas. 
About 996 of the surveyed plots were soils from weathered carbonate bedrock. 
Main distribution areas are the continuous mountain range built of carbonate and 
dolomite bedrock with their weathering products and redeposited material. Soils from 
basic-intermediate bedrock are small-scale distributed in hilly areas and mountain 
areas accounting for 8% of the surveyed plots. Additionally, soils from marlstone and 
claystone weathering were integrated into this group. Soils of alluvial plains contain 
sites in broad river valleys, including terraces and lowlands with a proportion of 396 
less frequent. Typical sites comprise of frequently alternating sandy to clayey, partly 
calcareous fluviatile sediments. Soils from the Alps accounted for 1% of the surveyed 
plots. The group integrates sites of different altitudes of the Alps from limestone and 
dolomite as well as of noncalcareous silicate rocks. Organic soils play with a 
proportion of 2% a minor role in the collective. Moreover, soil development and 
properties as well as chemical response to environmental conditions are different 
from soils derived from weathered mineral matter. 


2.5 Soil Classes 


Soil classes (suborders) differentiate according to soil dynamics and morphological 
properties caused by specific dominant pedological processes. For each of the 
surveyed plots soil classes could be designated by describing soil profiles according 
to Ad-HocAG. Boden (2005). Brown soils (Cambisol/Arenosols) were the most 
common soil class accounted for 5596 of all soils and distributed over a wide 
range of various soil parent materials. Soils with stagnic properties and Podzols 
are also characterized by a broad spectrum of site variability. These soil classes are 
common both in the North German Lowlands and hilly areas and mountain ranges of 
middle and south Germany, whereas soils with stagnic properties accounted for 
11%, while Podzols accounted for 7%. Lessives are particularly suitable for crop- 
land; however, they accounted for 8% of the surveyed plots. The proportion of Ah/C 
soils and steppe soils is similar to the lessives. Nevertheless, this soil class comprises 
soils that are very different in physical and chemical properties. Terra calcis and 
pelosols amounted to a proportion of 3% and 1%, respectively. Floodplain soils and 
groundwater-affected soils are soil classes that are influenced by redoximorphic 
features and have a 4% share of total. This soil class is geographically widespread 
but often small-scaled distributed under forest due to their soil formation developing 
independently from bedrock. Terrestrial anthropogenic soils and cultivated peat soils 
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have been altered strongly by human activity and accounted for 2% of the surveyed 
plots. 


2.6 Humus Forms 


Humus forms of German forest soils are distinguished according to the environmental 
conditions in terrestrial and hydromorphic humus forms. Terrestrial humus forms are 
formed under predominantly aerobic conditions and contain mull, moder and mor as 
well as their transitional forms. The hydromorphic humus forms hydromorphic mull, 
hydromorphic moder and hydromorphic mor as well as their transitional forms devel- 
oped under intermittent anoxic conditions. The latter are hardly relevant in the NFSI 
collective covering 2% of the surveyed plots. Aerobic humus forms with a continuous 
fine humus horizon accounted for 52% of the plots, of which 16% is for mor-like moder 
and typical mor and 36% is for typical moder and rhizo moder. Terrestrial humus forms 
without a continuous fine humus horizon accounted for 46% of which 8% is for typical 
mull, 28% is for typical mull with Oe horizon and 10% is for moder-mull. The spatial 
distribution of humus forms showed a dominance of moder-like humus forms in the 
North German Lowland, while rhizo moder is less frequent in western parts of this 
landscape. Mor-like humus forms are present in the north-eastern parts of Germany, in 
East German mountain ranges and in the Bavarian Forest, while mull-like humus forms 
are dominating the middle and South of Germany (Fig. 2.4). 


2.7 "Types of Depth Profiles of Base Saturation 


Soil acidification occurs under humid climate naturally very slowly as soil is 
weathered, but processes like tree uptake and acidic deposition can reduce the 
base saturation of the cation exchange capacity of the soil (Hartmann and von 
Wilpert 2016). Depending on soil properties and the supply of alkaline cations by 
mineral weathering, the soil profile is characterized by a depth-specific distribution 
of base saturation. The identified types of depth profiles of base saturation corre- 
spond with those described by von Wilpert (1996) and Kólling et al. (1996). 
Admittedly, an additional type which included sites that were limed was designated 
within the range of poor-base sites. A continuous high base saturation throughout the 
soil profile is represented by type 1, while type 2 showed in the upper 30 cm of the 
soil a moderate but below 30 cm a high base saturation. Types 1 and 2 had a share of 
14% and 4%, respectively, of the surveyed plots. Moderate to low base saturation 
above 30 cm but moderate to high values in the soil below 30 cm provide a sufficient 
base supply of type 3, who accounted for 896 of the surveyed plots. Type 4 is 
characterized by an increasing base depletion to a depth of 60 cm when the soil 
below is rich in base cations. In contrast, type 5 showed a base depletion throughout 
the whole soil profile. The proportions of the types amounted to 21% and 46%, 
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Fig. 2.4 Spatial distribution of humus forms on NFSI plots 


respectively. Type 6 accounted for 796 of the surveyed plots. Since this type is very 
poor in base cations, liming of the forest brought base cations to organic layer and 
topsoil. Nevertheless, also other sites received lime; the effects, however, showed no 
clear effects in the mineral soil (Fig. 2.5). 
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Fig. 2.5 Types of depth profiles of base saturation 


2.8 Acid-Sensitive Sites 


The purpose of liming forest soils in Germany was primarily the mobilization of N 
from a biological inactive organic layer to compensate effects of soil acidification. 
From the mid-1980s, most of the federal states started to lime to (1) compensate soil 
acid loads and current acid inputs, (2) improve growth conditions for microorgan- 
isms and root systems, (3) offset acidification-related loss of nutrient cation and 
imbalances in forest nutrition due to high N depositions, (4) improve vitality of 
forest stands and (5) protect spring and groundwater from inputs of heavy metals, 
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toxic aluminium and/or acids. Federal state-specific liming with respect to liming 
concepts is suitable to lime. We defined all plots which reach the criteria for liming 
as sensitive to acidification (Hóhle et al. 2018, pp. 11—42). Exclusively on such sites, 
effects of liming can be analysed by comparing limed and non-limed sites of the first 
and second NFSI. Of the total of 1859 surveyed plots of the NFSI II, 749 sites were 
acid sensitive. Of those 385 sites were limed at least once since the first inventory. 
Concepts adapted to site-specific requirements were developed for an efficient and 
long-lasting regeneration of essential soil functions. The identified acid-sensitive 
sites comprise soils that in respect to liming concepts are suitable to lime. Exclu- 
sively on such sites, effects of liming can be analysed by comparing limed and 
non-limed sites of the first and second NFSI. Of the total of 1859 surveyed plots of 
the NFSI II, 749 sites were acid sensitive. Of those 385 sites were limed at least once 
since the first inventory (Fig. 2.6). 


2.9 Forest Stands 


Forest stands play an important role in characterizing ecological conditions of a 
forest site. The forest stand type was designated for each of the NFSI plots according 
to the dominant principle species and mixing of various tree species, respectively. 
Specific forest stand information was obtained in more detail on NFSI plots with the 
harmonized stand inventory (HIS; Hilbrig et al. 2014). Data from the National Forest 
Inventory was used for surveyed plots of Bavaria (BMEL 2014). The NFSI distin- 
guished pure stands with a share of 7096 of principle tree species, while the HSI 
accounted for 90% of principle tree species to characterize pure stands. Dominant 
forest stands of the NFSI II were pure spruce "Spruce, pure" and pine “Pine, 
pure" stands accounting for 25% and 22% of the surveyed plots. The most frequent 
broadleaf tree species was beech "Beech, pure" with a share of 1696. The stands 
with other broadleaf species "Broadleaf, others" and mixed coniferous-broadleaf 
stands “Broadleaf, rich in coniferous” accounted for 10%, with a share of 6% 
followed oak stands “Oak, pure" and other coniferous stands “Coniferous, others". 
The smallest proportion with 5% was found for mixed broadleaf-coniferous stands 
"Coniferous, rich in broadleaf". The HSI revealed a proportion of 46% of coniferous 
stands “Coniferous, pure". Adding the class “Coniferous, dominated" (13%) to 
coniferous pure stands, this is demonstrating the dominance of coniferous trees on 
surveyed plots. The class “Broadleaf, pure" and “Broadleaf, dominated" accounted 
for 29% and 8% of the surveyed plots. Even more rarely are mixed broadleaf and 
coniferous stands “Mixed” with a share of 4%. The spatial distribution of forest 
stands showed that broad areas of Northern German Lowlands are stocked with pine 
stands. By transgressing the mountain range, the spatial distribution of forest stands 
is changing towards spruce and beech as well as mixed stands, the former dominates 
the mountain range and the latter, however, is characterizing the undulating lowlands 
and hilly areas. Most oak stands are scattered distributed in western parts of 
Germany (Fig. 2.7). 
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Fig. 2.6 Spatial distribution of acid-sensitive sites and limed NFSI plots 


2.10 Classification of Forests Based on the Atmospheric 
Deposition 


In order to determine the characteristic deposition patterns of forests in Germany 
during NFSI I and NFSI II, a factor analysis linked to a cluster analysis was 
performed using the modelled deposition data (Fig. 2.1). The mean of the deposition 
data from 1990 to 1993 were used for the period of NFSI I and the mean of 2004 to 
2007 was used for the period of NFSI II. Evaluations were done using the statistic 
software R 3.4.1 (R Core Team 2017). Explorative maximum-likelihood factor 
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Fig. 2.7 Distribution of forest stand types at NFSI II differentiated according to (a) main tree 


species and (b) broadleaves and coniferous stands 


Table 2.1 Loading values of the deposition factors obtained from the deposition components by 


factor analysis with varimax rotation 


Deposition factor 1990-1993 


Deposition factor 2004-2007 


Deposition component 1 2 3 1 2 3 

Niot 0.63 0.77 0.89 0.43 

NH,-N 0.21 0.96 0.98 

NO,-N 0.99 0.98 

SO,-S 0.61 —0.22 0.64 —0.31 
Ca 0.21 0.98 0.22 0.97 
Mg 0.72 0.70 
K 0.42 0.31 0.32 0.49 0.32 
Cl 0.46 0.48 

Explained variance (%) 26 22 21 26 23 22 

X explained variance (%) |69 71 


analysis with varimax rotation was applied on log-transformed deposition data. The 
factor analysis identified three independent deposition factors for each inventory 
which explained 69% (NFSI I) and 7196 (NFSI ID, respectively, of the total 
variability within the deposition data (Table 2.1). 

During NFSI I the factor which explained most variability was mainly loaded by 
oxidized N compounds (NO,-N) but also by S compounds (SO,-S), followed by a 
factor which was mainly loaded by reduced N compounds (NH,-N) and total N 
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Fig. 2.8 Spatial distribution of atmospheric deposition types obtained by a model-based cluster 
analysis on basis of the deposition factors for the time period 1990-1993 (NFSI I, left side) and 
2004-2007 (NFSI II, right side) 


deposition. During NFSI II, the factor which was mainly loaded by reduced N 
compounds and total N deposition gained importance compared to NFSI I, whereas 
the factor which was mainly loaded by oxidized N compounds and S compounds 
was only at second place. A third deposition factor which showed similar importance 
during both time periods was loaded by base cations particularly by calcium and 
magnesium. 

A model-based cluster analysis (R package mclust, version 5.3; Fraley et al. 
2017) was conducted on basis of the three deposition factors for each time period. 
Eight clusters (atmospheric deposition types) were obtained for the first period 
(NFSI I) and seven clusters for the second period (NFSI II) (Fig. 2.8). 

Cluster 1 (NFSI I) could be found in large areas of former eastern Germany and 
the adjacent eastern part of Lower Saxony as well as in the majority of Hesse and in 
north-eastern Rhineland-Palatinate. The cluster was characterized by average depo- 
sitions from industry and traffic and low depositions from agriculture and base 
cations. During NFSI II the mentioned part of eastern Germany and north-eastern 
Lower Saxony fell into Cluster 4. The mentioned parts of south-eastern Lower 
Saxony, Hesse and north-eastern Rhineland-Palatinate fell into Cluster 6 (still low 
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depositions from agriculture and base cation but higher inputs from industry and 
traffic compared to Cluster 4 and eastern Germany) during NFSI II. 

Cluster 2 (NFSI I) comprised comparably few plots which were spread, 
e.g. around the Black Forest. The cluster was characterized by average depositions 
from agriculture and base cation and low inputs from industry and traffic. These 
plots mainly also fell in Cluster 2 of NFSI II. However, Cluster 2 of NFSI II could be 
found more widespread than Cluster 2 of NFSI I. 

Cluster 3 (NFS II) could be found relative locally in the lowland of North Rhine- 
Westphalia and the adjacent south-western lowland of Lower Saxony. The cluster 
showed very high inputs from industry and traffic as well as from agriculture but 
very low base cation inputs. The cluster still existed during NFSI II where it was 
Cluster 7. 

Cluster 4 (NFSI I) was located in the western part of Lower Saxony, in 
Schleswig-Holstein and in the border area between Baden-Wuerttemberg and 
Bavaria. The cluster also existed during NFSI II (Cluster 3) and was characterized 
by very high depositions from agriculture, average inputs of base cations and low to 
average inputs from industry and traffic. 

Cluster 5 (NFSI I) comprised large areas especially in the southern part of 
Germany ranging from Bavaria to Saarland and was characterized by average inputs 
regarding all three input sources. The cluster was the dominating cluster during NFSI 
II (Cluster 4). Besides the mentioned areas, also large areas of former eastern 
Germany fell into this cluster during NFSI II. 

Cluster 6 (NFSI I) could primarily be found in the mountainous regions of North 
Rhine-Westphalia but also in the adjacent mountainous regions of Lower Saxony. 
The cluster was present during NFSI II (Cluster 1), as well. Inputs from industry and 
traffic were very high, inputs from agriculture were average to high and base cation 
depositions were low. 

Cluster 7 (NFSI I) could be found in the western part of the Harz, in the 
Thuringian Forest, in the Ore Mountains and in the Fichtel Mountains, which were 
all characterized by former intensive mining activities and very high inputs from 
industry and base cations. This cluster did no longer exist during NFSI II. The plots 
mainly fell into Cluster 5 (NFSI II), which also showed very high base cation inputs 
but high inputs from industry and traffic and average input from agriculture. 

Cluster 8 (NFSI I) comprised the Black Forest, the Alps, parts of the Alpine 
Uplands and the Thuringian Basin. Base cation inputs were very high due to the 
calcareous parent material of the mountainous regions themselves or the adjacent 
areas. This cluster to a great extent still existed during NFSI II (Cluster 5) but was 
enlarged by the former Cluster 7 (NFSI I). Depositions from agriculture were low, 
and depositions from industry and traffic were average. 

In conclusion, though atmospheric inputs especially from industry and traffic 
declined in most regions, regional patterns of deposition exhibited little changes 
between NFSI I and NFSI II in particular regarding former Western Germany. 
However in Bavaria some plots changed the deposition type (Cluster 5 of NFSI I 
to Cluster 2 of NFSI II) due to a decrease of depositions from industry and traffic 
accompanied by an increase of depositions from agriculture. Reductions in inputs 
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from industry and traffic further resulted in a change of deposition type of several 
plots in the north-eastern lowlands. Stronger alteration in the deposition types 
however could be observed in the mountainous areas characterized by intensive 
mining activities and industry in the past (Harz, Thuringian Forest, Ore Mountains, 
Fichtel Mountains). The western part of the Harz was additionally affected by 
pollution derived from the Ruhr Area. Cluster 7 became no longer necessary during 
NFSI II due to a significant decrease in SO,, NO, and base cation depositions. A 
factor which was mainly loaded by reduced N compounds (NH,-N) and total N 
deposition became more important. Thus, the importance of emissions from industry 
and traffic slightly decreased, while the importance of emissions from agriculture 
increased. 


2.11 Critical Loads for Eutrophication and Acidification 
and Their Exceedance 


Continuous immissions of the airborne pollutants sulphate, nitrate and ammonia can 
cause indirect (soil-mediated) damage to forest ecosystems by acidification, eutro- 
phication and nutrient imbalances. Critical loads of S and N are defined as the annual 
deposition rate below which no long-term harmful effects on ecosystem structure 
and function are expected according to present knowledge (Nilsson and Grennfelt 
1988). The starting points for critical loads calculations are the receptor systems in 
need for protection. In forest ecosystems, the considered receptors are trees, ground 
vegetation and soil. Critical limits are no-effect concentration thresholds in the soil 
solution used to calculate critical loads with a simple mass balance approach (see 
Chap. 1). Regarding acidification, critical limits are set to prevent toxic reactions of 
solved acidogenic cations (AP*, H*) on tree roots, the shift to a site-specific atypical 
buffer range, irreversible damage of soil structure and decline of base saturation 
under a tolerable threshold for the plant community. Critical limits for nutrient N are 
set to prevent changes in the plant community and nutrient imbalances in trees. 
Waldner et al. (2015) showed that exceedance of critical loads for nutrient nitrogen 
(CLaut(N)) leads to nutrient imbalances in the foliage. 


2.11.1 Parameters for Critical Loads Calculation Derived 
from NFSI II Data 


Estimated and measured parameters used for critical loads calculation are based on 
NFSI data (Höhle et al. 2018). Estimated base cation (Ca, Mg, K) weathering rate 
(Bc,,) varied substantially with soil parent material and rooting depth with a median 
of 0.8 keq ha! year ! (Table 2.2). Base cation and N uptake (Bc,, Nu) amounted to 
0.5 + 0.00 keq ha! year ! and 5.9 + 0.04 kg ha ^! year ', respectively. 
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Table 2.2. Parameters for critical loads calculation and critical limits 

Parameter Min P25 Pso P75 Max 
Bey keq ha! year! 0.03 0.44 0.80 1.50 13.44 
Be, keq ha ! year! 0.12 0.37 0.46 0.58 0.85 
N, kg ha! year | 1.54 4.60 5.79 7.05 13.27 
Nae mod kg ha^! year! 0.00 0.11 0.40 1.17 61.70 
Nae cons kg ha^! year! 0.00 0.04 0.11 0.25 17.78 
N; glacial kg ha! year ! 0.18 0.32 0.47 0.84 541 
N; periglacial kg ha! year | 0.04 0.20 0.27 0.37 1.78 
ANC. crit keq ha! year“! =7.77 —1.02 —0.40 —0.03 3.11 
Nie.ace mod kg ha! year ! 0.00 0.81 2.22 5.24 59.99 
Nic.ace CONS kg ha^! year! 0.00 0.25 0.62 1.21 7.10 


Bc,, base cation weathering rate, Bc, base cation uptake, N, nitrogen uptake, Nge mod denitrification 
rate in the modified approach, N. cons denitrification rate in the conservative approach, N; glacial 
nitrogen immobilization rate on glacial sites, N; periglacial nitrogen immobilization rate on 
periglacial sites, ANC, crit critical leaching of acid-neutralizing capacity, Njeacc mod acceptable N 
leaching in the modified approach, Nj acc cons acceptable N leaching in conservative approach 


Denitrification rate (Nae) was higher in the modified approach according to Balla 
et al. (2013) and ARGE StickstoffBW (2014) than with conservative critical limits 
assumptions (Table 2.2, see Chap. 1). Nitrogen immobilization rate (N;) was esti- 
mated as 0.5 and 0.3 kg ha! year“! on glacial and periglacial sites referring to the 
last glacial maximum, respectively. 


2.11.2 Critical Limits and Critical Loads 


The critical leaching of acid-neutralizing capacity (ANC;, crit; see Chap. 1) was 
calculated from the most stringent of five chemical soil criteria. The criterion to 
prevent aluminium toxicity on tree roots allowed the least leaching rates on most 
plots in siliceous low mountain ranges and the Northern German Plain. The critical 
base cation to aluminium ratio (Bc/Al),; (see Chap. 1) was effective on 62% of the 
plots. It was most important for pine stands (8396), which are more vulnerable to 
aluminium toxicity, but only relevant for 23% of other broadleaf stands. The critical 
base cation to proton ratio (Bc/H), (see Chap. 1) was relevant for 71% of the peat 
and peaty mineral soils (2% of the NFSI plots, mostly covered by other broadleaf 
stands). A critical pH to preserve the soil typical buffer range was only considered 
for soils with base saturation >30% and was relevant for 84% of those (33% of the 
NFSI plots). Accordingly, it was underrepresented on all coniferous and overrepre- 
sented on all broadleaf stands. The critical aluminium mobilization rate (Alw) to 
maintain soil structure determined ANC;..crit on only 1% of all NFSI plots, mostly 
other coniferous forests (1396 of those). Critical base saturation was also relevant for 
only 1% of the plots. Median ANC;. cri, was at —0.4 keq ha! year ! (Table 2.2). 
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Fig. 2.9 Geographical distribution of critical loads for acidifying sulphur (CL,,,,(S)) and 
eutrophying nitrogen (CL44,(N)) on NFSI plots 


The magnitude and geographical distribution of critical loads for acidifying 
sulphur CL „ax(S) (see Chap. 1, Fig. 2.9) were strongly determined by the weathering 
rate of base cations (r = 0.91). Consequently, CLinax(S) was lowest on soils from 
base-poor unconsolidated sediment and organic soils and peaty mineral soils 
(1.2 + 0.1 keq ha^! year! and 1.1 + 0.5 keq ha”! year“, respectively) and highest 
on loessic loam in the lowlands and calcareous soils (3.3 + 0.2 keq ha^! year"! and 
3.9 + 0.2 keq ha^! year, respectively). Mean CLmax(S) ranged from 
1.3 + 0.1 keq ha ' year ' on pine stands up to 3.3 + 0.4 keq ha ! year! on 
other broadleaf forest stands (Fig. 2.10). 

Critical limits of the N concentration in the soil solution for eutrophying nitrogen 
(Nait) were calculated according to the modified approach (see Chap. 1) as 
1.3 + 0.03 mg I! for near-natural forest ecosystems and 1.5 + 0.04 mg I^! for 
planted forests. The resulting acceptable N leaching (Nie acc) amounted to 
4.0 + 0.12 kg ha! year ! as compared to 0.9 + 0.02 kg ha ! year! when 
computed from the conservative approach with Nert = 0.2-0.4 mg I! N 
(Table 2.2). The high limits of leaching rates in the modified approach may not 
protect the ecosystems from nutrient imbalances in all cases. We therefore consider 
non-exceedance of CL„u(N) but exceedance of CLyut(N)cons from the conservative 
approach (see Chap. 1) as risk of potential exceedance. 
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Fig. 2.11 Relative frequency of critical loads for eutrophying nitrogen (CLyu(N)) calculated after 
the modified (CL44((N)) and the conservative approach (CLiu(N)con;) on NFSI plots on different 
forest stand types (Fig. 2.10) 


The mean CL44(N) was determined at 11.3 + 0.17 kg ha! year |, with 
considerable variation among forest stand types. It ranged from 
6.0 + 0.12 kg ha^! year! for pine stands, followed by oak, other broadleaf and 
mixed stands (11.9 + 0.48, 12.0 + 0.63 and 12.0 + 0.34 kg ha! year", respec- 
tively, over 13.0 + 0.40 kg ha! year ! for beech and spruce stands, up to 
15.7 + 1.19 kg ha! year! for other coniferous stands (Fig. 2.11). These modelled 
values are in good agreement with empirical critical loads (Bobbink and Hettelingh 
2011). Values for CLyuN)cons were generally lower (7.3 + 0.05 kg ha^! year '), 
with similar distribution among the stand types (Fig. 2.11). For the geographical 
distribution of CL„(N) (Fig. 2.11), seepage water is the most important influential 
factor (r — 0.66). 

Almost all NFSI plots (9196) are more vulnerable to the eutrophying effect of N 
than to its acidifying effect (CL,,,(N) < CLimax(N)). 
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Fig. 2.12 Relative frequency of exceedance of the CL function for acidity (CLF,.;) on NFSI plots 
in 1990, 2006 and 2015 on different forest stand types (Fig. 2.10) 


2.11.3 Exceedance of Critical Loads 


Since 1990, the measures of air pollution control succeeded in reducing extreme 
exceedances of the critical load function for acidity (CLF,.;, see Chap. 1) (Fig. 2.12). 
Nevertheless, 4096 of the NFSI plots were still exposed to loads of acidifying S and 
N beyond the long-term buffering capacity in 2006. Most threatened were pine 
stands with exceedance on 66% of the plots in 2006. Most compromised were the 
forests in north-western and eastern Germany (Fig. 2.13). 

The exceedance of CLF,.; was higher for S than for N on 84% of the 
compromised plots in 1990 and still on 68% in 2006. In the meantime, the share 
of compromised plots where the exceedance of acidifying N went far beyond S 
exceedance (ExN-ExS >0.1 keq ha! year !) increased from 12 to 2546, while the 
share of surpassing S exceedance decreased from 21 to 496. This development 
reflects the increasing role of N as acidifying pollutant, which is most substantial 
in the regions of high agricultural N emissions. The further development from 2006 
to 2015 is characterized by reduction of extreme exceedances, while a substantial 
share of plots with moderate exceedance remained (Fig. 2.12). 

Since 1990, the extreme exceedances (>10 kg ha^! year !) of CL44,(N) declined 
due to the reduction of N emissions (Fig. 2.14). However, in 2006, 85% of the NFSI 
plots were still exposed to critical N deposition, causing prospective vegetation 
changes and/or nutrient imbalances, and only 4% were beyond the risk of potential 
N exceedance. The highest exceedances occurred in the north-western lowlands and 
in central/eastern Germany on sandy soils and acid bedrocks (Fig. 2.13). The threat 
was most pronounced for pine stands with N exceedance on 99% of the plots and 
exceedance >10 kg ha! year! on 81% (Fig. 2.13). The share of plots with definite 
N exceedance of the other forest stand types ranged from 56% for other coniferous 
stands (226 without risk of exceedance) up to 8046 for other broadleaf forests (096 
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Fig. 2.13 Geographical distribution of the exceedance of the CL function for acidity (CLF,.;) and 
the exceedance risk of eutrophying N (Ex exceedance, pot.Ex potential exceedance) on NFSI plots 
in 2006. Potential exceedance was calculated from the conservative approach with 
Norit = 0.2-0.4 mg! N 
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Fig. 2.14 Relative frequency of exceedance risk of eutrophying N (Ex exceedance, pot. Ex potential 
exceedance) on NFSI plots in 1990, 2006 and 2015 on different forest stand types (Fig. 2.10). 
Potential exceedance is calculated from the conservative approach with Neri = 0.2-0.4 mg I! N 
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Fig. 2.15 Relative frequency of exceedance risk of the CL function for acidification and eutrophi- 
cation for two pollutants (Ex, exceedance; pot.Ex, potential exceedance) on NFSI plots in 1990, 
2006 and 2015. Potential exceedance is calculated from the conservative approach with 
Nerit = 0.2-0.4 mg 17! N. Not visible are negligible shares of the classes “0” (1990: 0.06, 2006: 
0.23) and “pot.Ex >10” (1990: 0.51, 2006: 0.17, 2015: 0.06) 


without risk of exceedance) in 2006. Exceedances >10 kg ha! year! occurred on 
24-28% of the beech, oak and other coniferous stands and on 37-59% of the mixed, 
other broadleaf and spruce stands in 2006 (Fig. 2.14). In 2015, extreme exceedances 
of CL44(N) were further reduced, while most of the NFSI plots were still exposed to 
moderate or at least potential exceedance. 

The integrated evaluation of critical loads exceedances of acidifying and 
eutrophying depositions (CLRTAP 2015) showed that, despite the reduction of S 
and NO, emissions, 9096 of the NFSI plots were still compromised in 2006 and only 
0.296 were beyond the risk of exceedance (Fig. 2.15). 

Exposure types (Gauger et al. 2008) classify the plots according to the need for 
deposition reductions (Fig. 2.16). The sole reduction of S deposition at constant N 
deposition rates would result in non-exceedance of the CL function on only a minimal 
share of the NFSI plots (1% in 1990 and 2% in 2006). From 1990 to 2006, only the 
share of plots with need for reduction of S deposition (at additional need for reduction 
of N deposition) was reduced substantially (from 35 to 18%), while the share of plots 
with need for reduction of N input remained at an alarmingly high level (9596 in 1990 
and 88% in 2006) (Fig. 2.16). This trend continued until 2015. 


2.12 Summary and Conclusions 


The spatial variability of environmental impact factor like climate or tree species 
distribution or soil class in Germany is high. That leads to small-scale pattern of 
characteristics of forest soils. Forest policy like liming is under the responsibility of 
the federal states; that is why impact factors change at borders of different federal 
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Fig. 2.16 Relative frequency of exposure types for exceedance and for potential exceedance 
(calculated from the conservative approach) of the CL function for two pollutants on NFSI plots 
in 1990, 2006 and 2015. Not visible are negligible shares of exposure types of the classes “S or N” 
(1990: 0.06) and "S obligatory" (1990: 0.34, 2006: 0.28, 2015: 0.40) and exposure types for 
potential exceedance of the classes “no” (1990: 0.06, 2006: 0.23, 2015: 1.02), “S or N” (2006: 
0.11, 2015: 0.06) and “S obligatory" (2015: 0.06) 


states. Furthermore many important impact factor changes within the NFSI. The 
exposure to airborne pollutants decreased in the interval between the first and the 
second inventory. The situation improved mainly for acidifying S depositions and 
for extreme exceedances of eutrophying N input. However, more than one third of 
the investigated plots were still exposed to critical rates of acidifying depositions and 
almost all plots to critical rates of eutrophying N prior to the second inventory. The 
contribution of N to acidification increased, and these trends continued since the 
second NFSI. That leads to small-scale pattern of characteristics of forest soils which 
were investigated in the following chapters. 
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Chapter 3 A) 
Soil Water Budget and Drought Stress m 


Heike Puhlmann, Paul Schmidt-Walter, Peter Hartmann, 
Henning Meesenburg, and Klaus von Wilpert 


3.1 Introduction 


The water budget of forest ecosystems is fed by precipitation. Loss into the atmo- 
sphere results from direct evaporation from the soil, transpiration, which is far more 
significant in forests due to their large crown-surface area, and evaporation from 
interception. The climatic processes governing these types of evaporation are air 
vapour pressure deficit, air temperature and convective water vapour transport. 
Another factor influencing the water budget occurs through soil water seepage, 
which is controlled mainly by the texture of the soil, its rock content and its bulk 
density. A certain amount of water is stored in the soil depending on texture, bulk 
density, carbon content, rock content and thickness of the soil layer. In most soils, 
except for very clayey and very sandy soils, the predominant part of the stored water 
is available to plants (available water capacity). The third factor determining the 
distribution and flow of water in the soil is vegetation. On the one hand, a consid- 
erable part of rain water is retained by the tree canopy and may evaporate directly 
from there (interception). On the other hand, water uptake by roots and transpiration 
influence the soil water budget of forest sites. This shows that, in addition to climatic 
processes, water-holding capacity and water conductivity of the soil as well as 
interactions between soil properties and vegetation properties (e.g. regarding root 
distribution) substantially determine and vary the water budget. 

The water phase of the soil is the space in which the solution, exchange and 
transport processes take place that dictate most soil functions. Furthermore, water 
availability is a central property for the growth and productivity of forests. The 
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reaction equation of photosynthesis shows that water and carbon dioxide are the 
central components of plant growth. Seepage water flux is the transportation route 
for substances between the atmosphere, the soil and the hydrosphere. These are 
substances added by the rain such as nitrogen compounds, as well as reaction 
products of soil acidification such as aluminium and manganese ions. This shows 
that the seepage water flux substantially determines how well a soil acts as a filter. 
Because nearly all plant nutrients are taken up from the soil solution, there is a close 
connection between forest nutrition and the water budget. For example, a latent 
potassium deficiency becomes acute on clayey sites during and after a dry period. 
The reason for this is the accumulation of nutrients inside soil aggregates where they 
are difficult to access for plant roots (von Wilpert and Hildebrand 1997). Thus, the 
water budget plays an important role in the soils ability to provide nutrients for the 
forest. 

To avoid overlapping with other chapters of this book, the water budget of forests 
will be treated in this chapter by focusing on the direct effects of water availability. 
To achieve this, soil properties and soil processes are prioritized over climate and 
vegetation properties, all of which determine the water budget. The aim is to identify 
in what way water flow and availability are affected by the variability of soil 
properties. This analysis was done largely on the basis of soil data in the NFSI 
data set. Soil hydraulic properties such as water retention and water conductivity 
were derived from measured and estimated soil properties using pedotransfer func- 
tions (PTFs) (Puhlmann and von Wilpert 2011, 2012); see Sect. 3.2.1. Additionally, 
the depth profiles of fine roots for each of the NFSI profiles were estimated in a 
correlation analysis between fine root density (FRD) and soil properties (Hartmann 
and von Wilpert 2014); see Sect. 3.3. 

Capacitive and dynamic water budget parameters for all NFSI profiles are derived 
from water budget modelling using LWF-Brook90. For the predominant part of the 
analysis, the forest stand properties (age, tree species composition, degree of canopy 
cover) were kept constant in order to clearly identify the significance of the individ- 
ual soil properties for the result of the water budget modelling at the soil profiles. The 
vegetation properties described in the NFSI database are exemplarily included in the 
model for the purpose of comparison only in a last step of the analysis. 

Static and dynamic drought stress characteristics were derived from water budget 
modelling in the concluding paragraph. They are discussed in reference to their 
ecological relevance on the basis of empirical data on tree growth (inter- and intra- 
annual tree-ring characteristics) and on mortality in Chap. 3. With this, the NFSI data 
are made available for comprehensive analyses in climate impact research. The model 
results are, of course, also applicable in a number of other applications such as 
predictions about seepage water output. In several federal states (Baden- 
Wuerttemberg, Bavaria, North Rhine-Westphalia, Rhineland-Palatinate and Saxony), 
concrete model developments are currently in progress to advance and objectify 
traditional, analogue site mapping. Because the identification of the water budget in 
all previous site mapping operations occurred in relative ordinal scales, it is neither 
possible to derive quantitative information on the water budget from the site maps nor 
to dynamically fit the site maps to changing climatic conditions (Gauer and Kroiher 
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2012). Therefore, quantitative and dynamic modelling of the water budget plays a 
central role when developing model-based site mapping procedures. The NFSI data is, 
in principle, suitable for that purpose—especially the measured physical soil param- 
eters. The measuring network of the NFSI with its 2430 points does not represent 
Germany's forested area with its 11.1 million ha for detailed analyses properly; the 
mean density of the grid is approximately 6.8 x 6.8 km. If, however, multivariate 
estimation models with sufficient explanatory power are created on the basis of 
regression relations between measured soil parameters and terrain predictors, it is 
possible to create water budget models using estimated soil information (Zirlewagen 
and von Wilpert 2011) and link them to polygons of the forest site survey. The 
regression models will deliver more realistic results when incorporating the data set 
of all the German states, because the spatial density of measured soil parameters as 
well as corresponding co-variables (e.g. terrain attributes) becomes higher than would 
be possible on the level of single states. In this way, it is possible to substitute the 
ordinal, qualitative assessment of the site water budget of the individual forest site 
survey systems in the different federal states with modelled, time-variant quantitative 
information about the site water budget. Apart from methodological homogenization 
between the federal states, this would make the states" forest site survey systems also 
sensitive to climate. 


3.2 Soil Properties as Input for Water Budget Modelling 


Soil properties are input parameters for estimating and modelling the water budget of 
soils. They are included in the parameters of the NFSI II or can be derived from the 
information given in the NFSI. Especially with regard to physical soil characteriza- 
tion, the scope of the obligatory NFSI II parameters was extended significantly 
compared to the preceding inventory, and the measuring of parameters such as 
bulk density (using sampling rings or volume replacement samples), skeletal fraction 
(by volume replacement), texture (% S, U, T using the Kóhn-Pipette or Lasersizer 
method) and carbon content (by element analysis) was required. For parameters, 
where measuring is extensive work such as counting fine root density with spatially 
high-resolving counting frames, most states still used estimated data; more precise 
counts where only done in Baden-Wuerttemberg. In addition to depth-related mea- 
sured data, horizon-related estimated data regarding, e.g. texture, rock content and 
bulk density was collected in each case. Water retention and water conductivity, the 
two soil hydraulic properties required as input to soil water models, can be derived 
from these baseline pedological data only by using PTFs. 

This chapter gives a description of regional variations in the mentioned measured 
and estimated physical soil parameters and of measurement and/or estimated 
accuracy. 

The best available quality of the soil input data should be applied for modelling 
the water budget, i.e. the measured data (measured texture data, bulk density, etc.). 
However, because this data is not available in all states and only for certain depths, 
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the estimated data from the profile descriptions must be included to have a homo- 
geneous database. It would be theoretically possible and necessary to consolidate the 
information from both data sources (estimated and measured) and to harmonize it 
with regard to survey artefacts (e.g. systematic bias between different estimating 
methods) Related harmonization work in individual states (e.g. Baden- 
Wuerttemberg) showed that this is a labour-intensive process and due to high 
heterogeneity among the states not possible to conduct nationwide within the 
framework of NFSI II. Therefore, for the federal soil report, measured data were 
used from depths in which they were available, and horizon-related estimated data 
were used where they were not. 


3.2.1 Estimating Soil Hydraulic Functions Using 
Pedotransfer Functions 


3.2.1.4 Introduction 


Measured data on soil hydrological properties such as available water capacity 
(AWC) and the parameters for retention and conductivity functions at the NFSI 
plots were not all collected due to the high cost of measurement. For the character- 
ization of the water budget, they have to be deduced indirectly using PTFs from the 
measured soil physical properties (texture, bulk density, carbon and humus content). 
The AWC shows the soil’s ability to store water available for plants. Generally, this 
is specified by the difference between the volumetric water content at a soil water 
potential of —60 hPa (field capacity, pF 1.8) and —16,000 hPa (permanent wilting 
point, pF 4.2) and can be used for the static characterization of the water budget of a 
forest site. The parameters for the retention (van Genuchten 1980) and conductivity 
(Mualem 1976) models—abbreviated as MvG parameters below—are input param- 
eters for process-based water budget models such as LWF-Brook90 (Hammel and 
Kennel 2001), which was used in this report (see Sect. 3.3). 

A number of different PTFs for estimating characteristic soil hydraulic functions 
can be found in the literature. There have already been various projects and publi- 
cations on the validation of PTFs for soil hydraulic characteristics in the past; 
especially the thorough works by Hangen and Scherzer (2004), Schramm et al. 
(2006), Mellert et al. (2009) and Russ and Riek (2011) should be mentioned in this 
context. However, the mentioned studies could not yet include newer developments 
such as the one by Puhlmann et al. (2009) and Puhlmann and von Wilpert (2011). In 
addition to that, many authors point out that the quality of the prediction is only valid 
for certain regions due to the geographical origin of the measured data used for 
validation or that some soil textures are underrepresented due to an insufficient 
number of samples. The results therefore do not allow any conclusions about the 
choice and application of the examined PTFs for the soils at the NFSI plots. In order 
to assist in choosing a PTF from the currently available PTFs, an individual study on 
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the basis of an extensive data set was conducted. That data was collected on forest 
sites in the whole of Europe and covers a wide range of soil types. 


3.2.1.2 Materials and Methods 


The data set available for PTF validation comprises a total of 2075 retention curves 
of mineral soil horizons, 130 retention curves of organic horizons as well as 
866 samples where the saturated conductivity was measured. In addition to the 
target variables (retention curves, saturated hydraulic conductivity), the 
corresponding physical/chemical soil parameters (grain size fractions, bulk density 
and carbon/humus content) were available. These data are necessary for estimating 
AWC and MvG parameters using PTFs and for comparing them with the measured 
values. The data were obtained from the European Level II monitoring network (ICP 
Forests) and the forest research institutions and universities in Góttingen, Freiburg, 
Freising, Eberswalde and Graupa. It was ensured that no data sets were used that 
have already been incorporated in the development of the examined PTFs. In many 
cases, the sample rings for the retention curves did not come from the same soil 
profile as the physical/chemical soil parameters, only from the same test site. 
Because of these uncertainties, the decision was made to also exclude those mea- 
surements from the analyses and to only use samples where the input data for the 
PTF and the target variables originate from the same soil profile and horizon. By 
applying these restrictions, the data basis for validating the PTFs for the retention 
curve was reduced to 1641 mineral soil samples. One thousand four hundred twelve 
samples remained for the validation of the AWC, because not all retention curves 
contained information on the permanent wilting point and the AWC could therefore 
not be calculated. Figure 3.1 shows the distribution of the remaining retention curves 
inside the soil texture triangle; the samples of the NFSI II data set are shown for 
comparison. 

Table 3.1 lists the examined PTFs and their abbreviations used below, as well as 
remarks and adjustments made during their application in this study. Which exam- 
ined PTFs were chosen is based on the work of Hangen and Scherzer (2004) who, by 
means of extensive literature research, identified PTFs that seemed especially suit- 
able for deriving hydraulic properties of forest soils. Two types of PTFs can be 
distinguished. One type of PTF predicts the water content for certain soil water 
potentials, typically for pF 1.8 (field capacity) and pF 4.2 (permanent wilting point). 
Because these PTFs predict fixed points on the retention curve, they are also called 
point PTFs. The tabular approaches by Wessolek et al. (2009) and Teepe et al. 
(2003) examined in this analysis fall into this category. Parametric PTFs, on the 
other hand, predict the parameters of retention models such as the van Genuchten 
model. With a water retention model, the water content can be predicted continu- 
ously as a function of the soil water potential. The regression functions by Wósten 
et al. (1999), Puhlmann and von Wilpert (2011), Vereecken et al. (1989) and Teepe 
et al. (2003) are of this type. Tabular PTFs that list mean MvG parameters for 
different texture and density combinations also fall into this category, e.g. the PTF 
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Fig. 3.1 Distribution of 
retention data in the texture 
triangle 
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Teepe.TexTRD or the approach according to DIN 4220 (2008-2011) which was 
modified for this examination. 

In addition to these modifications, adjustments were made to the PTF of 
Wessolek et al. (2009), as well as to the PTFs Teepe.TexTRD and Teepe.KGA. It 
turned out that for the latter, the values for the parameter a with the specified unit 
(kPa ') of the MvG curves do not fit to the table values for volumetric water content 
at field capacity (FC) and permanent wilting point (PWP). It did, however, produce 
results consistent with the table values when changing the unit for a to hPa '. 
Therefore, the a-values were multiplied by 10. The values of the lowest bulk density 
(TRD) class (TRD «1.2 g cm?) were not considered in the PTF Wessolek.TexTRD, 
because very high humus contents can often be found in horizons of forest soils in 
this TRD class. Accounting for humus content led in this TRD class to a significant 
overestimation of the total pore volume, the FC and the AWC. It turned out that, for 
soil samples from the TRD class 1.1, the increased water storage is already suffi- 
ciently reflected by the large humus content. Accordingly, samples with a TRD 
lower than 1.2 g cm ? were assigned to the TRD class 1.3 when applying the PTF of 
Wessolek.TexTRD. 

To objectively assess the quality of prediction of the individual PTFs, statistical 
goodness-of-fit measures were calculated based on the difference between estimated 
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Table 3.1 Overview of the examined pedotransfer functions for available water capacity (AWC) 


Description/ Type/ 

literature source calculation Input parameters | Comments/adjustments 

Wessolek. Point PTF, Texture class Tables 3 + 5. Density class 1.1 was 

TexTRD Ks/table (KA5), TRD not considered, and samples with 

(Wessolek et al. class, humus class | TRD «1.2 g cm ? were assigned 

2009) level 1.3. For undefined combina- 
tions of TRD and texture class, the 
value of the bordering density level 
of the respective texture class was 
assumed 

DIN4220. Param. PTF/ Texture class MvG parameters from Table 10 in 

Tex TRD (DIN table (KA5), TRD class | Wessolek et al. (2009) were adjusted 

4220 2008-2011) according to the water potential/water 
content values from Table A1 of the 
DIN 4220, so that MvG parameters 
were available separately for indi- 
vidual texture and TRD classes 

Teepe.KGA Point 96S/96U/96T, MvG-a was multiplied by 10 

(Teepe et al. PTF + param. | TRD 

2003) PTF/equation 

Teepe.TexTRD Point Texture class MvG-a was multiplied by 10; 

(Teepe et al. PTF + param. | (KA5), TRD supplementing of the missing values 

2003) PTF/table class, Corg for air capacity, AWC and PWP for 
sands from DIN 4220. Minimum 46S, 
%U, %T limited to 0.5% 

PUH2.KGA Point HSIXU/AT, 

(Puhlmann and PTF + param. | TRD, Corg 

von Wilpert 2011) | PTF, 

Ks/equation 

Vereecken.KGA — | param. PTF/ 96SI?6U/*CT, Adjustment of %S and %U to the 

(Vereecken et al. | equation TRD, Corg grain size boundary at 50 um through 

1989) log-linear interpolation of the grain 
size curve 

Hypres.KGA Param. PTF, 96SI?6U/*CT, Minimum TRD limited to 

(Wösten et al. Ks/equation TRD, humus con- |0.5 g cm ?, minimum %U, %T to 

1999) tent, top-/subsoil | 0.5%. All samples taken from a depth 


below 30 cm were classified as sub- 
soil. Adjustment of the boundary 
between 96S and %U as for 
Vereecken.KGA 


and measured volumetric water content. Accuracy measures of predictions are the 
mean error (ME) and the mean absolute error (MAE): 


ME=1) (5-3) 


i=1 


(3.1) 
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n 


MAE = + Y (Ij; - xi (32 


i=l 


The ME as the arithmetic mean of all residuals (difference between estimate y and 
measurement e) indicates systematic over- (positive values) and underestimations 
(negative values). In the ideal case of an unbiased prediction, ME takes a value of 0. 

The precision of predictions was evaluated using the root mean squared error 
(RMSE): 


n 


RMSE = : $3 6G-» (3.3) 


i-l 


The RMSE quantifies the standard deviation of the residuals and therefore the 
absolute value of the total error that can be expected on average and ideally also 
takes a value of 0. 

Pearson's correlation coefficient is a statistical measure for comparing individual 
measured retention curves with estimated ones using parametric PTFs. It is calcu- 
lated as follows: 


Thereby, y and ¥ specify the mean values of measurement and estimate. In the case 
of perfect positive correlation, the different water contents of the individual points of 
soil water potential lie on a line with a positive slope, and r assumes a value of 1. The 
correlation coefficient can therefore be seen as a similarity measure of the progres- 
sion and shape of two retention curves. Another similarity measure is Wilmot's 
index (w): 


E (i - 30^ s - 30) 


Multiplied with the correlation coefficient, Wilmot's w produces the confidence 
index (CI = w x r) that also takes a value of 1 when measurement and estimate are in 
perfect accordance. Values of >0.85 are seen as excellent predictions, values of 
20.75 as good and values of «0.75 as less than good (de Camargo and Sentelhas 
1997). 
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The ME and the RMSE are used in the assessment of the prediction quality for for 
water contents of individual water potential levels (1, 10, 60, 100, 330, 1000, 2500, 
5000, 16,000 hPa) and available water capacity. For evaluating parametric PTFs for 
the retention curve, the CI, the RMSE and the ME are calculated for the whole range 
of soil water potential. In order to make conclusions about the approximate distri- 
bution of the quality criteria of the PTF over a range of soil textures, the quality 
criteria are calculated separately for the 11 soil texture groups of the German soil 
texture classification system (Ad-Hoc AG-Boden 2005). After that, the PTFs are 
ranked for each quality criterion. For the available water capacity, the differences 
between PTF estimates and measured values are added to the texture triangle as 
isolines. In this way it is possible to make conclusions about the PTFs' performance 
for different texture groups. The goal is to identify which PTF is best suited for the 
NFSI II soil data. To achieve this, the mean rank for each quality criterion is 
calculated from the ranks of the quality criteria of the individual soil texture groups. 
This mean rank is weighted using the respective number of observations in the NFSI 
II data set. Finally, simple not-weighted mean values are produced from these, 
establishing a final rank order for the PTFs. 


3.2.1.3 Results and Discussion 


Figure 3.2 shows the deviation between estimated and measured water contents for 
each PTF as a function of the soil water potential, separated according to soil texture 
groups. Additionally, the ME is plotted for the various water potential classes, which 
makes it possible to recognize systematic errors. The graphical display of the results 
for clayey loams (tl), loamy clays (It) and sandy silts (su) was refrained from because 
of the small number of observations. The quality criteria MAE, RMSE and CI which 
integrate over all pF levels can be found in Table 3.2 for all soil texture groups. The 
systematic errors of individual soil texture groups are listed in Table 3.2 and were 
calculated as mean values of the MAE in order to not cancel out opposing deviations 
between the individual water potential classes. 

In general, the variation and therefore the RMSE decrease with increasing water 
potential due to decreasing water contents. This becomes clear when looking at the 
narrowing box and whisker ranges (Fig. 3.2). It seems that the characteristic pro- 
gressions of the retention curves of the individual soil texture groups cannot be 
reconstructed satisfactorily by each of the investigated PTFs. For example, the PTFs 
Hypres.KGA and Vereecken. KGA tend for nearly all soil texture groups to estimate a 
sharper decrease in water content than the measured data suggest. This becomes 
apparent from overestimated water contents at low water potentials in combination 
with underestimated water contents at high water potentials (Fig. 3.2) and can also be 
seen in the low goodness-of-fit measures (Table 3.2). 

The curvature of the van Genuchten retention model depends on the parameters a 
and n. Since the water content close to saturation and the water content at the 
permanent wilting point are predicted relatively well, it seems reasonable to hold 
insufficient estimates of the a and n parameters responsible for the weaknesses of the 
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Fig. 3.2 Deviations (boxplots) and mean deviation (solid lines) between PTF estimates and 
measured water contents (in vol%) as a function of matric potential, divided into soil texture groups 


two PTFs. Except for silty-clayey substrates (texture groups lu, tu), the PTFs do not 
produce satisfactory predictions for the retention curves of the validation data set. 
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The PTFs Teepe.TexTRD and Teepe.KGA produce slightly better results. These 
seem to have their strengths in clayey-silty textures, for which, judging by the CI, the 
shape of the retention curve can be predicted relatively well. However, the water 
contents are overestimated for nearly all texture groups, especially in the range of 
low soil water potentials, and come with a wide uncertainty range. For these reasons 
and on the basis of the mean RMSE and MAE values, they have to be rated as the 
least suitable PTFs for predicting the retention properties of forest soils. 

Using objective criteria, the best PTF found for predicting the retention function 
of the examined soil samples, is the PTF PUH2.KGA (Table 3.2). It provides nearly 
unbiased, high-precision estimates for the retention function (Fig. 3.2) over a wide 
range of textures. With PUH2.KGA, only the prediction of retention properties of 
sands seems problematic. The water contents of the silt sands (us) are significantly 
underestimated for medium water potentials and come with great uncertainties. 
Contrary to the loamy-silty substrates, the water contents of the pure sands 
(ss) and loam sands (1s) at low water potentials as well as the water content at the 
permanent wilting point (—16,000 hPa) are in part largely overestimated. Addition- 
ally, there is a significant underestimate of water retention in clayey soils (ut, It). 

A PTF that, in contrast to all other PTFs, provides satisfactory estimates of the 
retention function over all soil texture groups, is the PTF DIN4220.TexTRD. It is, for 
example, the only PTF that estimates the retention of pure sands accurately and also 
provides robust, although slightly too high, estimates for clayey soils. In the loamy- 
silty range (sl, 11, lu, tu), DIN4220.TexTRD is less precise compared to other PTFs 
and tends to have slightly high, but satisfactory, estimates with a mean RMSE of 
6.6 vol% and a MAE of 3.1 vol%. The mean CI over all soil texture groups with a 
value of 0.76 is also slightly lower than that of other PTFs. This can be explained by 
a generally larger variation of the deviations of tabular PTFs. On average, however, 
the shape of the retention curve can be satisfactorily represented. This becomes also 
clear when looking at the generally uniform distribution of residuals over the entire 
range of water potentials. 

The estimates for the AWC show a picture similar to the estimates for the 
retention curve. Hypres.KGA and Vereecken.KGA overestimate the AWC in all 
soil texture groups on average by approx. 6 vol% (Table 3.3). This was to be 
expected considering the systematic overestimates of the water content at low, and 
the underestimates at high water potentials described in the previous paragraphs. 
Both PTFs show on average the highest uncertainties (Hypres.KGA, 9.9 vol%; 
Vereecken. KGA, 8.4 vol%) and will be rated as least suitable for estimating the 
AWC of forest soils. Slightly better results are found for the PTFs Teepe.KGA and 
Teepe.TexTRD. Their estimates also show large uncertainties, but with a mean ME 
of 3.6 vol% (Teepe.TexTRD) and 4.5 vol% (Teepe. KGA), they provide less biased 
estimates. The PTFs DIN4220.TexTRD and Wessolek.TexTRD show similar results 
due to originating from the same source, whereby the point PTF Wessolek.TexTRD 
includes the humus contents of the samples, while DIN4220.TexTRD does not. This 
is possibly the reason for the RMSE of the PTF. 

Wessolek.TexTRD with 6.5 vol% being slightly lower than the one of DIN4220. 
TexTRD (RMSE 7.2 vol%). Both PTFs slightly overestimate the AWC by 3.4 vol%. 
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Table 3.3 Mean error (ME, vol%) and root mean squared error (RMSE, vol%) of the estimate of 
the available water capacity for all soil texture groups 


Main soil 
texture Sands Loams Silts Clays Mean 
Soil tex- SS Is su |lu tu ut It 
ture group 

61 250 4 49 210 |44 6 
RMSE (vol%) 
DIN4220. |7.2 7.2 8.6 7.0 5.0 6.1 | 7.6 5.6 |73 | 10.7 12 
TexTRD 
Hypres. 8.7 10 9.8 9.5 8.0 92 |10.2 |7.8 |11.0 | 14.8 9.9 
KGA 
PUR2. 11.5 |7.5 6.9 6.1 4.2 3.2 |7.5 52 55 17.6 6.5 
KGA 
Wessolek. |6.3 71 8.3 6.4 4.5 6.1 | 7.7 5.5 |79 | 12.4 T2 
TexTRD 
Teepe. 7.9 8 7.6 7.0 5.5 5.9 | 7.8 6.1 |9.9 | 14.3 8.0 
KGA 
Teepe. 7.6 12 6.5 7.3 6.7 3.5 |7.9 5.7 |10.6 |13.1 7.6 
TexTRD 
Vereecken. |9.7 8.9 8.6 7.9 6.6 9.0 |7.8 69 |94 |94 8.4 
KGA 
ME (vol%) 
DIN4220. |3 2.6 4.2 1.4 0.6 5.2 |0.7 0.9 |5 10.4 3.4 
TexTRD 
Hypres. 0.3 6.1 5.0 4.7 5.4 85 42 4.5 19.7 |14.0 6.2 
KGA 
PUR2. 9.0 3.6 2.5 1.0 | 0.0 2.7 |-2.2 |0.0 |24 |-3.2 |-1.6 
KGA 
Wessolek. | —1.0 | 2.4 5.2 2.6 1.3 5.2 | 0.1 0.6 |5.7 | 12 3.4 
TexTRD 
Teepe. 4.1 3.9 2.1 2.4 3.1 5.2 |0.0 18 |85 | 13.4 4.5 
KGA 
Teepe. 3.6 2.9 12 2.5 2.9 2.2 | -0.7 |0.0 |84 | 12.6 3.6 
TexTRD 
Vereecken. | 5.9 6.5 5.6 5.1 4.9 8.8 |2.8 42 |81 |82 6.0 
KGA 


Highlighted in bold are the best values of the quality criteria in the respective soil texture group 


In contrast to all other PTFs that on average overestimate the AWC of all soil texture 
groups by varying degrees, PUH2.KGA on average slightly underestimates AWC 
(—1.6 vol%). In the same way as for the retention curve, this PTF provides the most 
precise and least biased estimates for all soil texture groups. 

Figure 3.3 shows the differences (smoothened using a generalized additive 
model) between the estimated AWC values using the PTFs PUH2.KGA (Fig. 3.3a) 
and Wessolek.TexTRD (Fig. 3.3b) and the measured AWC values in the texture 
triangle. Areas with the same systematic error are framed by isolines (Table 3.3), 
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Fig. 3.3 Isoline diagrams generated using a generalized additive model of the smoothened 
deviations of estimated and measured available water capacity (vol%) as a function of the clay 
and silt content. Displayed are the pedotransfer functions PUH2.KGA (A) and Wessolek.TexTRD 
(B). Green and yellow-green areas represent deviations in the range of +2 vol%, yellow to yellow- 
brown areas indicate systematic overestimates and blue-green and blue areas indicate an underes- 
timate of the available water capacity 


whereby blue areas indicate underestimations of <4 vol%, and yellowish-brown 
areas overestimations of >4 vol%. As shown already in Table 3.3, systematic 
deviations of the PTF PUH2.KGA lie between —2 vol% and +2 vol% in large 
areas of the texture triangle, the smallest deviations appearing in silty-clayey areas. 
With decreasing silt and clay content, the PTF increasingly underestimates the 
AWC, at first only slightly, but then strongly when the sand content becomes larger 
than 60%. In this way, silt contents of <10% and <5% lead to systematic underes- 
timates of the AWC of more than 8 vol% and more than 10 vol%, respectively. 
Because the validation data set contains many samples within this texture range, it 
can be assumed that this trend originates from a systematic error of the PTF PUH2. 
KGA, because the calibration data set used for developing the PTF contained only 
few pure sand and silty sand samples. The group of loamy clays was also underrep- 
resented in the data set for the development of PUH2.KGA, and there are indications 
for a substantial underestimation of the AWC. However, within the validation data 
set, the number of samples with clay contents of >50% is too low for making serious 
conclusions about this response. 

Contrary to PUH2.KGA, Fig. 3.3b shows a systematic overestimate of 8-12 vol% 
of the PTF Wessolek.TexTRD for the clayey silts and the clayey loams. The least 
biased estimates lie, for the largest part, within the texture ranges that also have the 
highest sample density in the NFSI data collection. They extend from the pure and 
loamy sands to the sandy loams to the silts. Several areas, despite of having a 
sufficient amount of samples, are affected by significant overestimates in the range 
of 4-6 vol%, such as the silty sands and the sandy silts as well as regular loams and 
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silty clays. This circumstance can be explained by higher uncertainties of Wessolek. 
TexTRD when compared to PUH2.KGA (Table 3.3). The biggest difference between 
PTFs PUH2.KGA and Wessolek.TexTRD exists within the pure sands and the silty 
sands, for which Wessolek.TexTRD estimates the AWC with deviations of <2%, 
while PUH2.KGA significantly underestimates the AWC in this range of textures. 


3.2.1.4 Conclusions About Choosing the Appropriate Pedotransfer 
Function for the Water Budget Modelling 


The final ranking of the PTFs is based on the quality criteria of Table 3.2 and shows 
that the most appropriate approach for estimating the retention curve for the depths 
used in the NFSI data set is the one by Puhlmann and von Wilpert (2011). 

For the weighted overall ranking, low prediction quality of the numerous sandy 
substrates within the NFSI II data set is compensated for by very good prediction 
properties for loamy and silty substrates, which are very numerous within the data 
set as well. However, a PTF that is applied to such a diverse data set as the NFSI II is 
required to satisfactorily predict the retention function for all soil textures. Therefore, 
the PTF according to DIN 4220 (2008-2011) was finally chosen for the water budget 
model. This approach is only second choice by objective criteria (Table 3.4). It does, 
however, provide satisfactory results over a wide range of soil textures. In addition, 
for estimating the soil hydrological properties FC, AWC and PWP, the best approach 
according to objective criteria, the Wessolek. TexTRD, may be used without the 
values differing much from the values of the retention curve, because both PTFs 
are derived from the same source. 


Table3.4 Summary of overall ranking of the pedotransfer functions for the retention curve and the 
available water capacity, based on the ranking of the quality criteria of Tables 3.2 and 3.3 


Retention curve AWC 

Rank Rank Rank Mean Rank Rank Mean 

RMSE MAE CI rank RMSE ME rank 
DIN4220. 24 |(2) 13.1 |@) 13.7 1(5) 13.1 12) |2.6 |) |2.6 |(2) 12.6 (1) 
TexTRD 


Hypre.KGA |3.5 6) |29 |Q) |42 |) |3.5 |) 16.5 [m |55 |) 160 | (7) 
PUH2.KGA 24 |(D 12.0 |(D [30 (D [25 (D |25 |@) 30 |@) 128 16) 


Wessolek. 20 |(1) |2.6 |(1) 12.3 |(2) 
TexTRD 

Teepe.KGA 4.4 |(5) |4.7 |(6 13.0 |(2) 14.0 |(5) 14.3 16) ‚4.3 |(5) 14.3 | (5) 
Teepe.TexTRD |4.5 |(6) |44 |(5) |3.6 |(4) |42 |(6) |42 |(4) |3.4 |(4) 13.8 |(4) 
Vereecken. 3.7 (4) |39 |(4) |3.4 |G) 13.7 |(4 15.2 1(6 15.8 1(7) 15.5 | ©) 
KGA 


The ranks of the quality criteria in the individual soil texture groups were weighted by the number of 
observations of the NFSI II within the respective soil texture group; the placement is shown in 
parentheses next to the ranks 
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3.3 Fine Root Distribution on NFSI Sites 


Fine root distributions are essential for the parametrization of soil water budget 
models of forest sites, because they represent the link between the forest stand and 
the soil. However, the ideal for tree species-specific rooting patterns is not applicable 
in practice, because the actual fine root distribution patterns are strongly influenced 
by soil and site properties (Hartmann and von Wilpert 2014). Therefore, it is 
necessary to determine the actual depth distribution of fine roots or define reliable 
transfer functions for sites without any root information. 


3.3.1 Fine Root Density Model 


Using multivariable statistical analyses, correlation analyses were performed 
between the fine root density (FRD, measured in classes shown in the profile 
description according to Ad-Hoc AG- Boden (2005), converted into mean values 
of each class) as the target variable and soil and site properties as predictor variables. 
With the help of “boosted regression trees" (BRT), the principle parameters and their 
influence on FRD were identified. The final BRT model is a linear combination of all 
calculated regression trees. The quality of the model can be rated by correlation with 
the training and the validation data, as well as the remaining error. The influence of 
the individual parameters is interpreted using the percentage of the influence and the 
absolute effects on the model’s result. For the analyses, the “dismo” package of the 
statistical software “R” was used (Elith et al. 2008). 

The final model was limited to the five most important parameters and has a good 
model quality (correlation training data, 0.701; correlation validation, 0.695). The 
effect of the individual parameters on the target variable FRD is displayed in 
Fig. 3.4. With a percentage of 62.2%, the parameter soil depth explains the largest 
part of the FRD, meaning that the maximum can be found in the topsoil, with a 
continuous decrease with soil depth. The humus content proved to be another 
important predictor. On the one hand, it is a result of root growth, especially in the 
subsoil, and on the other, it facilitates root penetration through loosening the soil 
structure. Alongside those parameters are also soil physical properties such as bulk 
density and available water capacity, as well as the relief parameter slope in direct 
relation with the FRD. 

The approximate linear relationships within the model can be summed up in a 
PTF. To achieve this, a simple linear equation model was created. The resulting PTF 
for FRD in n dm ? is (adjusted R-squared, 0.3973; p < 0.001; Fig. 3.4): 


FRD = 11.63 — 0.084 soilgepin + 3.22 humusciss — 3.42 TRD 
+ 0.108 slope + 0.095 AWC (3.6) 
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Fig. 3.4 Results of the “boosted regression trees” analysis: The fine root density in the horizon is the 
models’ target variable. The individual diagrams show the influence of the parameters (x-axis) on the 
modelled fine root density (y-axis). The percentage determines the weighting of the parameter in the 
model; soil_depth, depth of the horizons bottom edge (cm); humus = humus class according to Ad- 
Hoc AG-Boden (2005); TRD, bulk density, measured in different depths and converted to represent 
the specific soil horizon (g cm); slope, slope on site (°); AWC, available water capacity, measured 
in different depths and converted to represent the specific soil horizon (vol%) 


In comparison with the BRT modelling, the PTF performs worse. But although 
being weaker, the PTF reaches a high model quality as well. 


3.3.2 Continuous Fine Root Distribution 


For parametrization of the root distribution in water budget models, continuous 
information on the FRD is required. To achieve this, the exponential function 
according to Gale and Grigal (1987) may be used. It calculates the depth-dependent, 
relative root distribution continuously using a shape parameter f (Fig. 3.5). This is 
especially reasonable for inhomogeneous data sets such as the NFSI II data set, 
because different data collection methods (Bavaria, estimation at soil auger samples; 
Baden-Wuerttemberg, counting fine roots in a 5 cm grid at the wall of the profile; rest 
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Fig. 3.5 Example of a good adjustment and congruency between estimated values, “boosted 
regression trees" model values and the respective adjustment to the -model (left), and example 
of a site at which the -model was adjusted to the “boosted regression tree" model values, because 
soil profile estimates were lacking (right) 


of Germany, estimating at the soil profile) lead to different estimates of rooting 
intensities. 

Figure 3.6a shows the number of fine roots (derived from the different estimating 
procedures) in the recorded root zone for all NFSI profiles. It can be noticed that 
above-average amounts of fine roots occur in Baden-Wuerttemberg, whereas in 
Bavaria the amounts are often extremely small. Despite the regional differences, 
the estimates of the FRD were used for further adjustment, since only the relative 
depth distribution was taken into account, and therefore, different classification 
procedures during profile description were "normalized". Where there were no 
estimated values available, they were filled in with values from the estimates of 
the BRT. First, the FRDs per horizon were calculated (FRD x thickness) and plotted 
as the cumulative sum on the lower end of the horizon and then fitted to the fj-model 
according to Gale and Grigal (1987) with a non-linear optimization algorithm 
(Fig. 3.5): 


Y=1-£ (3.7) 


where Y is the cumulative relative FRD in depth z and f the parameter to be adjusted. 
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Fig. 3.6 Number of fine roots summed up over the whole soil profile to a width of 1 dm (a). The 
different colours define percentiles (10-25-50-75-90-100); f-values of the NFSI II profiles (percen- 
tiles 10-25-50-75-90-100). The size of the dots correlates with the f-value (b). Blue dots represent 
deep distributions, red shallow ones; RDeff according to conventional definition (c); RDeff, 
determined using the depth, in which 86% of the cumulative amount of fine roots are located 
according to the /-model (d) 
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The relative cumulative amount of fine roots can now be calculated for any depth 
using this function. The resulting f-values are shown in Fig. 3.6b, where high values 
represent deeper distributions. 


3.3.3 Effective Rooting Depth 


The effective rooting depth is a cautious estimation of the main rooting zone used in 
German forest soil classification, which can be derived from the lower limit of a FRD 
>2 fine roots per dm? according to AK Standortskartierung (2003). By this approach 
an overestimation of the effective rooting depth is avoided, because the least densely 
rooted zone in the subsoil is not taken into account. In our data, the effective rooting 
depth always coincides with the lower boundary of a horizon, because the FRD is 
defined for each horizon individually. This value is distorted to some extent, as a 
depth-dependent decrease in FRD can also be assumed within a horizon. Addition- 
ally, different data collection methods result in FRDs that are not comparable to each 
other (Fig. 3.6c). The estimates from the conventional approach reaffirm the differ- 
ences between Baden-Wuerttemberg and Bavaria caused by different estimation 
methods. 

In order to generate a uniform value for the f-model on the basis of the boundary 
Wf2/Wfl (2 fine roots per dm?) from the conventional model, the cumulative 
percentage Z was determined, for which the rooting depth from the conventional 
approach, RDeff(conv), can be reached best. This was done using a non-linear 
adjustment: 


RDeff(conv) ~ log(1 — Z)/log(f) (3.8) 


This results in a value for Z of 8696, which will be used hereafter as the effective 
rooting depth according to the f-model, RDeff(f 86%) (Fig. 3.6d). 


3.3.4 Effect of Stand Type, Soil Class and Acidification 


The forest stand at the NFSI sites are in most cases no pure stands with one tree 
species only, rather stand types of different degrees of purity and mixed stands are 
defined. Hence, as the species origin of the fine roots was not determined, the 
following analyses always refer to the stand type and not a single tree species. The 
evaluation of the rooting space is based on the RDeff value (Fig. 3.6), which 
corresponds to the 86% depth in the /-model. No significant differences were 
found in the rooting depths for the individual stand types (Fig. 3.7). There is a 
wide variation in all stand types, with median values of approx. 60 cm. The 
stratification according to soil type also shows only small differences between the 
groups. Only the sandy soils poor in base cations show increased RDeff values, 
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Fig. 3.7 Boxplots showing the effective rooting depth, RDeff (f-model; see Eq. 3.8), stratified 
according to forest type, soil form (centre) and vertical gradient of base saturation (right); bee beech, 
oak oak, spr spruce, pin pine, dec deciduous forest, mix mixed forest, con coniferous forest; soil 
forms, 1 — sands poor in base cations, 2 — alluvial soils and gleys of wide river valleys, 3 — lowland 
soils and loess loams, 4 — limestone-derived soils, 5 — basic to intermediate soils originated from 
crystalline rock and pelosols, 6 — soils poor in base cations from crystalline rock, 7 — alpine soils, 
8 — peat soils; vertical gradients, 1 = complete base saturation (100%) in the root space, 2-4 = base 
saturation decreasing with depth and qualitatively in the main root space with full base saturation in 
the subsoil, 5 — base depletion in the whole profile, 6 — increased base saturation in the humus/ 
mineral topsoil by liming, classification according to Hartmann and von Wilpert (2016) 


whereas in limestone-derived soils, and especially in alpine soils, several signifi- 
cantly reduced values appear. Surprisingly, the RDeff values do not point towards an 
influence of an advancing acidification or of forest liming, as the stratification 
according to vertical gradients of base saturation shows. 


3.4 Modelling Dynamic Water Availability in Forests 


3.4.1 Model Description, Input Data, Parameterization 
and Target Variables 


The water budget modelling for individual NFSI II points was carried out using the 
process-based forest hydrological simulation model LWF-Brook90 (Hammel and 
Kennel 2001), which is a further development of the model Brook90 (Federer et al. 
2003). LWF-Brook90 calculates the water budget of a one-dimensional, multilay- 
ered soil profile with vegetation cover in daily resolution. Water transport in the soil 
is described by the Richards equation. Source and sink terms thereby include 
processes such as flow through macropores and water uptake by roots. The hydraulic 
properties of individual soil layers are parameterized according to Mualem (1976) 
and van Genuchten (1980). Evapotranspiration is calculated according to the 
approach by Shuttleworth and Wallace (1985), which differentiates between the 
evaporation originating from the soil or a snow cover and the transpiration and 
interception from a “single big leaf" plant cover, using a conductivity model. The 
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seasonally varying leaf area index (LAT) is an important controlling factor, which 
plays a key role for interception storage and the distribution of the energy available 
for evaporation between soil and plant, according to Lambert-Beer's law. It also has 
a strong influence on transpiration as it is used for upscaling canopy conductance 
from stomatal conductance, which varies depending on the meteorological condi- 
tions. Actual canopy conductance and available energy, in turn, determine the water 
demand of the vegetation cover (potential transpiration, 75), which is covered from 
the soil layers depending on the layers' water availability and root length density 
(actual transpiration, Ta). 


3.4.1.4 Climate Data, Soil and Site 


LWF-Brook90 requires meteorological input data in daily resolution (precipitation, 
temperature, radiation, water vapour pressure, wind speed). For this model applica- 
tion, the data was provided by the chair of physical geography (Prof. Bóhner) at the 
University of Hamburg using a 250 x 250 m grid. For methodical details see 
Weinzierl et al. (2013). The validation of the regionalized air temperatures shows 
a deviation of the monthly mean temperatures around +0.5 °C for 2002 and + 0.2 °C 
for 2003. Monthly precipitation sums deviate on average by 5% from the measured 
values. 

For representing the NFSI soil profiles in the model, the measured physical 
properties of the different depths were used and complemented with information 
about soil horizons, coarse soil fraction, texture and humus content from the soil 
profile description. Bulk density of the mineral soil was not available below 90 cm 
soil depth, and the measured value of the lowest layer was assigned to all subjacent 
horizons. Very high coarse soil fractions of bedrock horizons were constrained to 
92.596 in order to include water retention in cracks and fractures in the rock. From 
the complete soil profile information and humus layer thickness, the model layer 
discretization was created, consisting of a varying number of model layers that 
preserve the original horizon depth boundaries and have an increasing thickness of 
1-20 cm. The fine root distribution of the mineral soil model layers was derived from 
Eq. (3.6) (see Sect. 3.3.2), and the estimated root density of the uppermost mineral 
soil layer was used for the humus layer. The rooting depth was constrained to the soil 
depth where on-site field observations reported zero root abundance and all layers 
below that depth were assumed to be root-free. In case roots were observed down to 
the bottom of the soil profile, or not reported to the bottom of the profile, the 
maximum root depth was assumed to be the bottom of the soil profile, but at least 
160 cm. Shallow profiles were extended correspondingly. Root penetration at pro- 
files with limited soil depth due to solid bedrock, ground- or stagnant water was 
further restricted to a soil depth which was derived from soil horizon symbols 
following a rule-based procedure. The lower boundary of all soil profiles was formed 
by two standard model layers with a coarse-grained texture and an overall thickness 
of 40 cm in order to define a uniform lower boundary on the one hand and to 
facilitate upward water flow to the rooting zone even in shallow soils. 
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In a last step, the hydraulic properties of the mineral soil layers were derived from 
soil physical properties using those PTFs, which provided the most reliable pre- 
dictions when compared with measured hydraulic properties (see Sect. 3.2.1). The 
parameters concerning the function for soil water retention according to van 
Genuchten (1980) (0,, 0,, a, n) were derived using the PTF according to DIN 4220 
(2008-2011). The parameter m was specified as 1—1/n. The saturated conductivity 
(K,) for the unsaturated conductivity model of Mualem (1976) was derived from 
tabular values of Wessolek et al. (2009); the parameter 7 was set to 0.5. In order to 
derive hydraulic properties of the humus layer horizons, the PTF of Hammel and 
Kennel (2001) was used. Peat layers were parameterized using the PTF of Wósten 
et al. (1999) for organic soils. Apart from water transport in the soil matrix, for which 
retention and conductivity properties are relevant, the model also allowed 
macropore-assisted infiltration by distributing net precipitation among the humus 
layer and the upper 30 cm of the mineral soil with the proportions decreasing 
exponentially with depths. 

Further variables used are latitude, slope and aspect, which determine a site's net 
radiation. They were taken from the header information of the NFSI II data set. The 
possible influence of capillary rise of water from shallow groundwater bodies to the 
rooting zone was not considered explicitly in the simulations. 


3.4.1.2 Parameterization of the Vegetation 


Two different approaches were chosen for the parameterization of the vegetation. In 
a first approach, standard parameter sets for theoretical forest stands were defined. 
They represent the above-ground properties [LAI, stem area index (SAI) and height] 
of typical stands of full-grown beech, oak, spruce, pine and mixed forests in the 
model (Table 3.5). The applied theoretical forest stand was determined using the 


Table 3.5 Model parameters that differ depending on the forest stands in the model 


Mixed 
Pine Spruce | Beech | Oak forest 
Canopy height 25 30 30 30 30 
Leaf area index (m^ m ?) (max/min) 3.5/1.4 |5.5/ | 6/0.6  |4.5/ 5/2 
4.4 0.45 
Maximum canopy conductance (mm s ') |18/ 18/ 25/2.5 | 20/2 21/8.4 
(max/min) 10.8 14.4 
Canopy interception capacity 1.63/ 1.5/ 1.2/ 1.3/ 1.1/0.44 
(mm) (max/min) 0.98 1.2 0.12 0.13 
Interception catch rate (—) (max/min) 0.41/ 0.8/ 0.92/ 0.51/ 0.8/0.32 
0.25 0.64 0.09 0.05 
Leaf width (cm) 0.04 0.04 05 5 1 
Albedo (—) 0.14 0.14 0.18 0.18 0.18 
Albedo, ground covered with snow (—) 0.14 0.14 0.23 0.23 0.23 


Maximum and minimum values refer to intra-annual variability (summer/winter) 
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Fig. 3.8 Density plots of — Pine forests 
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information about forest stand type contained in the NFSI II header information. 
Unspecified broadleaf forest stands were assumed to be beech stands, while 
unspecified coniferous forest stands were assumed to be spruce stands. 

A second approach incorporates the effects of the actual forest stand 
(by estimating the LAI, stem area index and height) on the NFSI plots into the 
simulation. The results of this second application of the model are not discussed 
further in the context of this chapter. They are, however, made available as annual 
values for other evaluation groups and may be used to calculate the nutrient output 
with seepage water and to estimate nutrient budgets. For deriving the stem area index 
from the individual tree data in the harmonized forest stand inventory (HBI), the 
allometric functions by Hammel and Kennel (2001) were applied. The functions 
distinguish between broadleaf and coniferous trees. For estimating the LAI using the 
forest stand data, different estimation functions, depending on tree species, were 
used. For estimating the LAI of pines and larches, the litterfall model of Law et al. 
(2001) was adopted and parameterized for pine according to Ahrends et al. (2010). 
The leaf area of beech, oak and other broadleaf trees were estimated using the 
biomass functions of Weis et al. (2012). The leaf area index for spruce, fir and 
Douglas fir was estimated using the allometric function by Hammel and Kennel 
(2001), which is based on reanalyses of data on leaf mass published in Hammel and 
Kennel (2001). Subsequently, the estimated leaf areas of the individual trees were 
added together, and the forest stand LAI was calculated. The frequency distribution 
of the LAI estimates for various forest types is shown in Fig. 3.8 as density plot. 

Apart from the forest stand properties above, both model applications (theoretical 
standardized forest stands and real forest stands) used the same model settings and 
parameters. The choice of which model parameters and model settings to use is 
based directly on the suggestions made by Federer et al. (2003) (albedo, light 
extinction coefficient), as well as the suggestions made by Hammel and Kennel 
(2001) (length of the foliation and leaf fall phases). Beginning and end of the 
growing season (ie. bud burst in spring and start of leaf fall in autumn) were 


3 Soil Water Budget and Drought Stress 79 


determined dynamically for each NFSI plot using the temperature-based methods 
described in Menzel (1997) and von Wilpert (1991), which were parameterized for 
different tree species. Other parameters were adapted to fit interception evaporation 
measured at Level II intensive monitoring plots in Germany (ICP Forests 2010). 

Because no water budget measurements exist for the NFSI plots (e.g. throughfall 
precipitation, soil water potential or soil water content), a direct validation of the 
water budget simulation cannot be carried out at the NFSI plots. However, model 
applications of LWF-Brook90 on intensively monitored sites and the comparison of 
time series collected there showed that water budget simulations using the described 
settings and parameters produced satisfactory results (unpublished data). In addition, 
the comparison between the modelled amounts of seepage water and the values 
taken from the Hydrological Atlas of Germany showed no systematic variations. 
Therefore, the assumption can be made that the model settings used provide reason- 
able estimates about the water budget parameters and drought stress indicators, 
which reflect physically and physiologically reasonable influences of climate, soil 
and forest stand properties. 


3.4.1.3 Processing the Results 


The modelled water flows [e.g. groundwater recharge (GWR), evapotranspiration 
(ET), actual transpiration (7), evaporation from interception (J) and evaporation 
from the soil (E)] were aggregated to time series of monthly sums and sums over the 
dynamic growing season for further analysis. Additionally, different drought stress 
indicators were derived that quantify limitations on water availability. A widely used 
indicator is the relative water content (RW), which is the ratio of the actual soil water 
storage, S, to the soil water storage at field capacity, FC: RW = S/FC. The relative 
extractable water storage, REW, is the ratio of currently plant-available water storage 
(Sp = S, — PWP) to the plant-available water capacity, AWC: REW = S,/AWC. From 
the depth-discrete results of the LWF-Brook90 modelling, values for S Sp, RW and 
REW were aggregated for the following depth ranges: 0—30 cm for the mineral soil 
depth (S130, $5,030. RWo30, REWo30) and 0-90 cm for the effective rooting depth. 
Mean and minimum values over the dynamic growing season were then calculated 
using the daily values of the drought stress indicators in order to judge mean water 
availability in individual years. 

Another widely used indicator for water deficiency is the difference or the ratio 
between actual (7;) and potential transpiration (75). A decrease in T, below T, is caused 
by limited water availability in the root space in LWF-Brook90. The transpiration ratio, 
Tratio = T,/T,, with values of «1, and the transpiration difference, Tdiff = T, — Ta, 
with values of >0, therefore indicate a water shortage in the root space. 

From the annual and growing season total water flows and drought stress 
indicators, distribution statistics (mean, median, quartile, minimum, maximum) for 
the period 1981—2010 were calculated for each NFSI plot. Also, the relative devi- 
ation of the annual values from the mean value in the period 1961—1990 was 
calculated for each NFSI plot in order to examine time-related changes with the 
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help of distribution statistics (median, quartile, 90%- and 10%-quantile for each year 
over all NFSI plots). 


3.4.2 Results 


Figure 3.9 shows distribution statistics of evapotranspiration during the growing 
season (ET, Fig. 3.92), annual total groundwater recharge (Fig. 3.9b), transpiration 
difference (TDIFF, Fig. 3.9c) and mean relative extractable soil water storage in the 
rooting zone during growing season (REW, Fig. 3.9d) at the NFSI plots, modelled 
using the standardized forest stand. It shows the cumulative frequency distribution of 
the medians, as well as the respective ranges and quartiles of the individual annual 
values of NFSI plots for the period 1981-2010. The spatial distribution of the 
medians of these dimensions is shown as a map in Fig. 3.10. 
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Fig. 3.9 Median values of the actual evapotranspiration during growing season (a), the annual 
groundwater recharge (b), the transpiration difference during growing season (c) and the mean 
relative available soil water storage during growing season (d) for NFSI plots in the period 
1981-2010; modelled with standardized forest stands 
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Fig. 3.10 Spatial distribution of the median values of the actual evapotranspiration during growing 
season (a), the annual groundwater recharge (b), the transpiration difference during growing season 
(c) and the mean relative available soil water storage during growing season (d) for NFSI plots in 
the period 1981-2010; modelled with standardized forest stands 
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Figure 3.9a shows that the mean actual evapotranspiration during the growing 
season of 80% of the NFSI plots lies between 350 and 450 mm. Plots especially with 
lower mean evaporation have extreme fluctuations, with up to 300 mm between 
individual years of the represented period (1981-2010). But in half of all years, the 
fluctuation lies below 60 mm which is the mean difference between the upper and the 
lower quartile over all plots. About 5% of the NFSI plots show mean evapotranspi- 
ration rates of 475 mm or more (Fig. 3.9a). These can be found in the Bavarian late- 
moraines and molasses and in the foothills of the Alps and the Black Forest 
(Fig. 3.10a; blue and blue-green dots). High evaporation rates of 450 mm or more 
can also be found on the western slopes of the Pfälzerwald and Odenwald and in the 
Bergische Land. On the one hand, the mentioned regions have very high precipita- 
tion. On the other hand, they are also warm with high potential evaporation rates that 
take effect during long growing seasons. The lowest evapotranspiration rates do not 
show such a distinct geographical pattern. Several areas in the rain shadows of 
mountain ranges (north-eastern foothills of the Harz, Altmark, Hessisches 
Schiefergebirge) are distinguishable, and it seems that there is an increase of NFSI 
plots with less than 350 mm evapotranspiration (yellow, orange and red dots) 
towards the north. But plots with very low evapotranspiration of less than 300 mm 
appear more or less scattered everywhere on the map, thereby blurring spatial 
patterns. On these plots, actual transpiration is substantially limited each year due 
to a high skeletal fraction and/or shallow tree rooting. Apart from those sites, the 
mean evapotranspiration follows the interaction between precipitation and temper- 
ature. In this way, a site in the cool and moist Hochsauerland (precipitation/temper- 
ature during growing season, 420 mm/13 °C) with an average evapotranspiration 
that is limited by rather low potential transpiration can have the same low evapora- 
tion of less than 350 mm as a warm and dry site (250 mm/16.5 °C) in Brandenburg or 
Saxony-Anhalt during the summer half of the year. There, the low evapotranspira- 
tion rate is caused by low precipitation and the low water retention capacity of the 
typically sandy soils. The transpiration difference (Tdiff, Fig. 3.10c) makes it 
possible to determine whether or not a site's evaporation is limited by water 
shortage. Tdiff in the growing season is higher than 30 mm on average in southern 
Brandenburg and smaller than 5 mm in the Hochsauerland and other top ranges of 
low mountain ranges and in the proximity of the North Sea. Overall, growing season 
Tdiff on all NFSI sites is characterized by a large range (Fig. 3.9c), illustrating that 
water shortage may occur in all plots during dry years in which the vegetation's 
water demand cannot be entirely met through water reserves in the soil. 

About 25% of the NFSI plots show a mean annual groundwater recharge of less 
than 100 mm (Fig. 3.9b), 10% of the plots have very little groundwater recharge. 
There, the median is at 0 mm, which means that in half of the years from 1981 to 
2010, the groundwater has not been recharged at all for the assumed theoretical 
forest stand. For most plots, annual groundwater recharge is 50-400 mm, but a 
substantial decrease in, or even a complete absence of, groundwater recharge in 
extreme years is possible. Approx. 1046 of the plots have a discharge of more than 
500 mm per year; it can be as high as 2400 mm in some years, e.g. at sites at high 
altitude and with high precipitation, where snow masses accumulate in winter and 
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melt in spring. While the actual evapotranspiration during growing season is mainly 
a product of temperature and precipitation, groundwater recharge clearly follows the 
precipitation distribution (Fig. 3.10b). Plots with an annual groundwater recharge of 
more than 400 mm are located—almost without exception—in high altitudes with 
high precipitation. Large areas with very low («25 mm) groundwater recharge are 
located mainly in Brandenburg and Saxony-Anhalt, and smaller areas are situated in 
eastern Thuringia, southern Hesse and the Rhine-Main area (Fig. 3.10b), all of which 
experience very low annual rainfall amounts and high potential evaporation. 

Figure 3.9d shows the cumulative frequency distribution of the mean available 
soil water storage in the root space during growing season. It becomes clear that the 
NFSI plots have a wide range. Approx. 10% of the sites have a mean available soil 
water storage of more than 10096 of the AWC. On the one hand, soil horizons with 
low hydraulic conductivity cause infiltrating water to accumulate in the root space, 
so that the FC is regularly exceeded on these sites. On the other hand, large amounts 
of precipitation provide a positive water balance also during growing season and 
therefore make sure that loss through transpiration is regularly compensated by 
abundant precipitation. On approx. 1096 of the NFSI plots, however, the mean 
available soil water storage decreased to below 4096 of the maximum value 
(AWC) in at least half, on 5% of the NFSI plots in three-fourths of the years in the 
period 1981—2010. Falling below this threshold (drawn in as a reference line in 
Fig. 3.9d) is interpreted as a water shortage by Bréda and Granier (1996). It occurs 
mainly on NFSI plots that get low amounts of precipitation during growing season 
on the one hand, or whose available water capacity is limited by a high skeletal 
fraction or a shallow rooting on the other hand. Such NFSI plots are mainly found in 
parts of Brandenburg, Thuringia and Saxony-Anhalt but also scattered in the low 
mountain ranges on particularly shallow sites. On most NFSI plots, water shortage 
only occurs in dry years. However, for approx. 9096 of the NFSI plots during the 
period 1981—2010, mean available water retention falls below the Granier threshold 
of 40% AWC for at least one growing season. 


3.5 Deriving the Risk for Drought Stress 


The probability of falling below the limit values of soil water availability relevant to 
tree physiology, such as the threshold value according to Bréda and Granier (1996), 
is a key indicator for predicting tree damage caused by climate change. In the 
following, the results of the simulation with LWF-Brook90 are aggregated to get 
characteristic values for water shortage. They are linked to tree growth observed at 
the NFSI plots in Chap. 11. 
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3.5.1 Characteristic Properties of Water Shortage 


In addition to the characteristic properties of water shortage defined in Sect. 3.4.1.3, 
other indicators are derived below, which quantify the intensity and duration of 
periods with water shortage. The characteristic value d REW., indicates the number 
of days, on which the relative soil water storage (REW) falls below a certain critical 
limit (CLggw) during growing season; v_REWcz indicates the missing water volume 
below the threshold value: 


(0 NCOwegend Sp,i/aFC < CLagw : 1 — (Sp,i/aFC) /CLrew 
UREW = tag { Sp,i/aPC > CLagw : 0 (43) 
vegend Sp,i/aFC < CLggw : 1 
d.REWa, = 5, aes { S, ;/aFC > CLrew : 0 Pg) 


For further evaluation, three different threshold values were tested: CLggw = 0.2, 
0.4 and 0.6. 

Similarly, drought stress indicators based on threshold values were also calcu- 
lated using transpiration ratios according to the following equations: 


N m vegend Ta/Tp < CLrratio :1- (Ta/Tp) /CLtratio 
v_Tratioc, = pare { P. > CLrratio : 0 (3.11) 


d_Tratiocı = > 


vegend { Ta/Tp « CLriatio :1 (3.12) 


i=vegbeg | Ta/Tp > CLraio : 0 
The critical limits used were CLryraio = 0.8 and CLryatio = 0.5. 
Further drought stress indicators were derived from the soil water potential in the 

root space. For this purpose, the mean soil water potential (yrw) (weighted by layer 

thickness) for the root space was calculated, and the days during growing season 
were counted on which yw fell below the threshold value CL, = —1200 hPa (von 

Wilpert 1991). Also, a "deficit" (integral of the time series of water potential below 

CL,,) was defined similar to v_REWc,: 


_ vegend wwi < CL, |VcL — VW; 
V2 cp = pe { vw; = CL, :0 a) 
u vegend ww; < CL, 1 
d yo, = >. { yw; 2 CL, : 0 d 


The amount of deep seepage water below the root space (vrfln) was considered as 
a measure for possible water surplus. In addition to the output parameters of LWF- 
Brook90, different climatic parameters were examined in regard to their influence on 
growth in thickness of the trees: air temperature (mean value tmean, temperature sum 
tsum, minimum tmin), number of days that exceed a temperature threshold of 5, 10 
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or 20 °C (gdd5, gdd10, gdd20), as well as respective temperature sums (tsumS, 
tsum10, tsum20), precipitation (prec), global radiation (globrad), FAO grass refer- 
ence evapotranspiration (ef0), climatic water budget (kwb), beginning, end and 
length of the growing season (vp. start, vp end, vp dauer). Annual values for all 
parameters were derived from the modelling. They are either calculated as the mean 
values/sums of the whole year (ending of the variable is y), of the dynamic growing 
season of this year which was calculated using LWF-Brook90 ( vp), of the months 
April-September or of the months May-July. 


3.5.2 Future Drought Trend 


It was shown that soil water availability has substantial influence on the width of 
year rings of the different trees examined. With the exception of the BRT model for 
oak, the extent of dry periods with a soil water potential of less than —1200 hPa in 
the root space v. ^wi5oo. vp (see Eq. 3.13) was an important covariate in the BRT 
models of all tree species. In the following, the results of the LWF-Brook90 
modelling are presented in regard to the space-time dynamic of the water shortage 
index d_Pwı200_vp which correlates strongly with v. '^wi5oo vp, but which is, in 
contrast, specified by a descriptive unit (number of days during growing season 
where the value falls below the limit). Figure 3.11 shows the annual values for 
d_Pwı200_vp at each NFSI plot for the period 1961-2013, where the red symbols 
represent intensive water shortage and the blue symbols represent plots where the 
critical value of —1200 hPa was not exceeded throughout the vegetation period. In 
extremely dry years (1976, 2003), the modelling shows that nearly all NFSI plots 
fall—in part substantially and for a very long time—below the critical soil water 
potential. A distinct spatial pattern of the modelled water shortage can be noticed in 
medium years. There are two types of areas which have particularly intensive water 
shortage: the stony soils in the low mountain ranges, where the transpiration of the 
plants uses up the AWC quickly due to high rock content, and the regions located in 
rain shadows of mountains (e.g. east of the Harz, Thüringer Becken). Looking at the 
model results for the individual years, the year 1989 seems to mark a turning point in 
the water supply of forest stands. Since the beginning of the 1990s, years with 
increased water stress have been on the rise. Of the 10 years with the best water 
supply—meaning the highest percentage of plots without water stress 
(d_Pwı200_vp = 0)—there is only one after 1990. For four of the years within the 
decade from 1970 to 1979, the median of d 'wi5oo vp across all plots lies below the 
long-time median, which means that 4 of the 10 years are dryer than average. This 
value is particularly low for the decade 1980-1989 (3 out of 10 years) and is 
increasing ever since (1990-1999, 7 out of 10 years; 2000-2009, 6 out of 
10 years; 2010-2013, 3 of the 4 years). In addition to the increasing number of 
particularly dry years, the results of the model show a tendency towards a decrease in 
variance between the NFSI plots. This can be attributed to plots that usually have a 
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days v < -120 kPa 


0 (5,10) 125,50) [75.100) >=125 
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Fig. 3.11 Water shortage index d_Pw>00_vp (Eq. 3.14), derived from LWF-Brook90 modelling 


for the years 1961—2013, which quantifies the shortfall below a critical matric potential 
(CL, = —1200 hPa) in the root space 
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Fig. 3.12 Distribution statistics (medians, quartile areas, 10%- and 90%-quantile) of the available 
soil water storage during growing season, shown as relative deviation from the long-term mean 
value of the period 1961-1990 


good water supply but experience drought stress in the second half of the simulation 
period. 

The long-term trend of periods of water shortage in the root space also becomes 
clear in Fig. 3.12, where the chronological trend of the available water storage 
(REW WReff vp) is shown as a distribution statistics of the relative deviation from 
the reference period 1961 to 1990. Years that were exceptionally moist or dry during 
growing season compared to the reference period can be identified in this way. The 
general trend of an increasing number of growing seasons with below-average water 
supply since the end of the 1980s can also be seen here. In most years since 1989, the 
median was negative, which shows that a below-average soil water storage was 
registered here for most NFSI plots, compared to 1961-1990. In the time from 1989 
to 1992, even the 90%-quantile is negative. This means that 90% of the NFSI plots in 
four consecutive growing seasons showed a below-average water supply. A fourth of 
the plots had a soil water storage which was 25% lower compared to the reference 
period. In the extremely dry years 1976 and 2003, as many as 7596 of the NFSI plots 
had a water storage which was at least 25% less than average. Since 1988, only in the 
5 years 1995, 2002, 2007, 2010 and 2013 were the medians of the available water 
storage clearly above the reference value of the period 1961—1990, while in 20 years, 
they were clearly below that value. 
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3.6 Summary and Conclusions 


By reprocessing and combining soil, root and forest stand parameters, it was possible 
to make reliable estimates about the governing factors for the water budget on the 
individual NFSI plots and to parameterize the one-dimensional water budget model 
LWF-Brook90 based on this. Special attention was paid to the evaluation of PTFs 
used for estimating soil hydraulic properties and to the identification of those 
functions that best represent the complete value range of the very heterogeneous 
NFSI data set. The decision was made in favour of the PTF according to DIN 4220 
(2008—2011) for estimating the van Genuchten parameters, and the PTF by 
Wessolek et al. (2009) for estimating the FC, AWC and PWP, although the PTF 
by Puhlmann and von Wilpert (2011) produced the best and most stable estimates for 
all textures except the sands. 

A similarly intensive evaluation was carried out for estimating the relative depth 
distribution of roots based on data from root estimates and root counting at the NFSI 
profiles. A multivariate BRT model was created that is able to explain the depth 
distribution of fine roots («2 mm) by the determining factors soil depth, humus 
content, bulk density, slope and AWC. What was unexpected was that there were 
largely no dependencies on forest stand type and the degree of acidification (depth 
profile of base saturation) and only a weak dependency on the soil type. Those are 
the determining factors that are formally attributed to have a significant influence on 
the rooting depth. A possible explanation for the rooting intensity not being consis- 
tent with the hypothesis could be that the chemical site properties are levelled out by 
acidification of the soil to such an extent that both tree species and trophy of the sites 
do not have a differentiating effect on the depth profiles of fine roots anymore, and 
therefore only distinct differences in soil physics and soil structure (TRD, slope 
inclination, AWC, humus content) are distinguishable. 

On the basis of these input parameters, two versions of water budget modelling 
were carried out using LWF-Brook90. They are different in the treatment of vege- 
tation properties—one version was calculated using regionally adapted standardized 
forest stand properties (beech, oak, spruce, pine and mixed stands) to focus on the 
soil properties that diversify the water budget. In a second version, the LAI, the 
roughness of the bark and the height were taken from the forest stand information at 
a NFSI point in order to represent the actual drought stress occurring at that point as 
realistically as possible. All modelling was carried out in daily resolution, so that 
target variables such as seepage water output, change in soil water storage, evapo- 
transpiration, etc. are available in daily resolution or coarser and so that those 
variables may be used for applications such as seepage water predictions for 
contaminant and nutrient output, water availability for the parameterization of 
climate-sensitive growth models or analysis of the significance of dry years for 
tree growth and forest health. The emphasis of the examination in this chapter was 
on the derivation and evaluation of characteristic drought stress variables. The time 
series of available soil water storage and different drought stress indices conform- 
ably show that the intensity of water shortage increased since 1990 and that from 
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then on, years with good water supply occurred only sporadically, while before, 
years in which the soil water storage was above- or below-average existed in equal 
parts. 

To empirically evaluate the impact of drought on tree growth, the deciding factor 
is not only the water deficit but also timing, duration and intensity of the drought. For 
identical weather conditions, not only the tree species but especially also the soil 
with its retention capacity determine the extent to which droughts can develop. 
Experiments on young beech and oak trees prove that trees experience acute drought 
stress when the soil water availability falls below 20%, which can eventually lead to 
their death. 
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4.1 Introduction 


The deposition of acidifying pollutants drastically altered the element cycles of 
forest ecosystems in large regions of the world (Ulrich et al. 1980; de Vries et al. 
2014). Sulphur (S) was the major component of acid deposition since the beginning 
of industrialization until the 1980s, whereas the nitrogen (N) species nitrate (NO3) 
and ammonium (NH4) became more important since the 1990s (Schópp et al. 2003). 
Besides its acidifying effect, deposition of N also causes an increasing nitrogen 
saturation of forest ecosystems (Aber et al. 1989, 1998) (see Chap. 5). 
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If acids are introduced to soils, a reduction of acid neutralizing capacity (ANC) is 
caused. However, the decline of ANC isn't accompanied by an equivalent increase 
of free acidity, since many soil components contain neutralizing properties. Depen- 
dent on soil-forming substrate and acid-base status, several buffer ranges differing in 
buffer capacity and buffer rate become active over time under the influence of acid 
inputs (Table 4.1). A characteristic change of soil solution composition occurs at the 
transition between different buffer ranges (Ulrich 1987). If the aluminium (AI) buffer 
range is approached, the risk of toxic concentrations of Al ions in soil solution is 
significantly enhanced (Reuss and Johnson 1986). Elevated concentrations of free Al 
impede the nutrient uptake by tree roots and mycorrhiza (de Wit et al. 2010) and 
hamper the growth of microorganisms (Pifia and Cervantes 1996). Under acid 
conditions solute Al forms stable complexes with phosphorus (P) and may thus 
reduce the P availability in soils (Hansen et al. 2007). Whereas in the soil solid phase 
the reduction of ANC due to acid inputs is common to all soils, adverse impacts of 
soil acidification such as pH decline and Al mobilization into soil solution are 
restricted to forest soils with low buffer capacity. 

Acids are introduced to soils as strong mineral acids (sulphuric acid H5SO,, nitric 
acid HNO;) or generated through biochemical processes such as uptake of NH, and 
equivalent release of protons by tree roots or the nitrification of reduced N to HNO;. 
Since the anions NO; and chloride (CI ) are only marginally adsorbed in soils, they 
are prone to leaching into deeper soil horizons or to the groundwater. To preserve 
electroneutrality anions have to be accompanied by an equivalent amount of cations 
(Seip 1980). The composition of these cations is controlled by the composition of 
exchangeable cations (Reuss and Johnson 1985). Acidification caused by strong 
mineral acids may thus affect deep soil horizons and also groundwater or surface 
waters. On the other hand, natural soil acidification by weak acids such as carbonic 
or organic acids, which are increasingly protonated if pH declines, is mostly limited 
to upper soil horizons. Under certain conditions, acidification due to deposition of 
H>SO, can by delayed by the retention of sulphate (S0?) in the soil by adsorption 
to pedogenic hydroxides or by precipitation as Al hydroxy sulphate. The 
remobilization of previously stored SO causes an equivalent release of acidity 
(Ulrich 1994). 

Buffering of acids in forest soils in the long term is mainly provided by 
weathering of primary minerals (Ulrich 1983). In carbonate-free soils, the release 
of base cations (Ca, Mg, K, Na) from silicate minerals such as feldspars and clay 
minerals is the major proton consuming process (Fölster 1985; Tarrah et al. 2000). 
The release of structural Al during the weathering process usually results in the 
formation of interlayer Al hydroxides in clay minerals, which may reduce the cation 
exchange capacity drastically (Rich 1968). If acidification continues, proton buffer- 
ing is also realized by the dissolution of these interlayer Al hydroxides, and cation 
exchange capacity may increase; however, previous values are usually not 
approached (Mareschal et al. 2013). For Germany, Ahrends et al. (2018) estimated 
an average base cation release due to weathering of 1.0 keq ha! year !, 
0.8 keq ha^! year! of which are nutrient cations (Ca, Mg, K, see Chap. 2). 
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Consequences of soil acidification are the leaching of base cations (i.e. K, Mg, 
Ca) as counterions of mobile anions, the mobilization of protons, reactive Al and 
heavy metals and subsequent release into soil solution (Reuss and Johnson 1985). As 
base cations are important nutrients for forest trees, the loss of base cations may 
result in nutrient imbalances on base-poor sites (de Vries et al. 2014). 

On the other hand, the uptake of nutrient cations may contribute to soil acidifi- 
cation, as an excess of ANC is removed from the soil (Ulrich 1994). The amount of 
ANC removal by biomass uptake depends on the preference of N uptake either as 
NH, or as NO;, resulting in an equivalent release of H* or OH via the root system, 
respectively (Reuss and Johnson 1986). For German NFSI plots on average, a net 
uptake of 0.5 keq ha ! year ! of nutrient cations was estimated, if stemwood 
utilization including bark is assumed (see Chap. 2). If NH, and NO; net uptake is 
balanced, this equals the net removal of ANC. 

Soil acidification has been early claimed as a possible cause of forest decline, 
which was observed in central Europe since the late 1970s (Ulrich et al. 1980; Ulrich 
1987). A consequence of this debate was the start of clean air policy, beginning with 
the Large Combustion Plant Directive in 1983 (13. BImSchV). This and other 
national and international measures (e.g. Convention of Long-range Transboundary 
Air Pollution CLRTAP; UNECE 1979) resulted in a significant reduction of depo- 
sition of acidity in Europe (Waldner et al. 2014). 

Besides the CLRTAP, legal instruments for the prevention and compensation of 
acidification effects are the National Emissions Ceilings (NEC) Directive (2016/ 
2284/EU), the German soil protection law (BBodSchG) and the European Water 
Framework Directive (WFD 2000/60/EC), which define criteria for the aspired state 
of soils and freshwater. Measures for the reduction of acid inputs are related to an 
ecological tolerable load. These critical loads provide “a quantitative estimate of an 
exposure to one or more pollutants below which significant harmful effects on 
specified sensitive elements of the environment do not occur according to present 
knowledge" (Spranger et al. 2015). 

From the comparison with actual deposition loads, the compliance with or the 
exceedance of the critical loads can be derived. Further, the effectiveness of air 
pollution reduction measures can be controlled through the evaluation of deposition 
monitoring. The overarching environmental quality target for air pollution is the 
compliance with the critical loads for acidity (see Chap. 2). Moreover, the National 
Strategy on Biological Diversity in Germany aims to protect all sensitive ecosystems 
against acidification and eutrophication (BMU 2007). 

Evidence for soil acidification caused by acid deposition proved by repeated soil 
sampling has been demonstrated in many studies (Falkengren-Grerup et al. 1987; 
Meesenburg et al. 2016; Blake et al. 1999; Johnson et al. 1994). So far, only few 
studies are showing recovery of forest soils from acidification (Lawrence et al. 
2015), whereas recovery of surface waters due to declining deposition is a wide- 
spread phenomenon (Sucker et al. 2011; Wright et al. 2005; Stoddard et al. 1999). 

The pH value, either measured in water (pH(H5O)) or in potassium chloride 
solution (pH(KCI)), base saturation and the fractions of exchangeable acid cations 
(H*, Al, Mn, Fe) are used as indicators for the acid-base status of forest soils in this 
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study. The objective of this chapter is to evaluate if indications of recovery of forest 
soils from acidification in Germany are visible and to identify main drivers behind 
possible changes of soil acidity. 


4.2 Acid-Base Status of German Forest Soils 


4.2.1 Soil Acidity 


For the characterization of soil acidity, the pH value in water (pH(H5O)) and in 
potassium chloride solution (pH(KCl)) was determined. The pH(H5O) indicates the 
effective soil acidity and shows distinct seasonal and episodic fluctuation. Through 
the introduction of potassium (K) during the pH(KCI) determination, the release of 
exchangeable aluminium (Al) and protons lowers the pH by 0.4-1.1 units. Thus the 
pH(KCI) is an indication of the potential soil acidity (Ulrich 1981). 

The results of the second NFSI reveal a large spatial variability of pH in forest 
soils of Germany. On average, pH(H5O) was 4.6 + 0.02, and pH(KCl) was 
3.9 + 0.02 in the organic layer. Limed plots showed higher pH values as compared 
to unlimed plots. The 10th percentile in the organic layer was 3.8 for pH(H2O) and 
2.9 for pH(KCL), and the 90th percentile was 5.8 for pH(H5O) and 5.3 for pH(KCI). 
As compared to the organic layer, mean pH was slightly lower in the uppermost 
mineral soil layer and increased with depth. In 30-60 cm depth a mean pH(H5O) of 
5.2 + 0.03 and pH(KCI) of 4.4 + 0.03 was observed. The 10th percentile in this 
depth interval was 4.3 for pH(H5O) and 3.6 for pH(KCI), and the 90th percentile was 
7.5 for pH(H5O) and 6.9 for pH(KCI). 

The spatial distribution of pH values mainly reflects the different parent material 
of the soils (Fig. 4.1). High pH values were observed in soils developed from 
carbonatic bedrock, e.g. at the Swabian-Franconian Alb and in the Alps. Locally, 
also soils with intermediate basic-intermediate bedrock, e.g. tertiary basalts, show 
higher pH values in the topsoil (Meesenburg et al. 2009). Plots with acidic soils over 
the complete depth profile occur mainly in regions with soils developed from base- 
poor substrates, such as in the Black Forest, the Bavarian Forest, the Ore Mountains, 
the Harz Mountains and the North German lowlands with early Pleistocene 
sediments. 

With respect to soil parent material groups, NFSI plots with soils from weathered 
carbonate bedrock revealed highest pH values, whereas lowest pH was observed for 
soils from base-poor unconsolidated sediments, soils from base-poor consolidated 
bedrock and loamy soils of the lowland (data not shown). Soils from basic- 
intermediate bedrock and soils from alluvial plains showed medium pH values, 
which were significantly different from base-poor and base-rich soil parent material 
groups in the organic layer. 

The pH of the organic layer was lower under coniferous forest stand types than 
under deciduous and mixed stand types. This becomes more apparent, if unlimed 
plots for distinct soil parent material groups are compared. In the mineral soil, tree 
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Fig. 4.1 pH(H5O) values in the mineral soil at 10-30 cm depth of NFSI II 


species-specific differences disappear with increasing depth. The observed pattern 
can be attributed to a higher base cation content of deciduous litter (Augusto et al. 
2002; Jacobsen et al. 2002), but also to a preferential cultivation of coniferous tree 
species on acid organic layers. 

The comparison between first and second NFSI reveal on average a significant 
increase of pH(H5O) in the organic layer and in all depth intervals of the mineral soil 
(Fig. 4.2). The pH increase was highest in the organic layer (0.013 + 0.0014 year!) 
and in the 0-5 cm interval of the mineral soil (0.011 + 0.0011 year !). In the deeper 
mineral soil, the pH change was much smaller. For pH(KC]) a significant increase of 
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Fig. 4.2 pH(H20) values in the organic layer and in the mineral soil layers for NFSI I and NFSI II 
(a, complete sample including bogs and organic soils) and differences of pH(H5O) values between 
NFSI I and NFSI II (b, paired sample without bogs and organic soils, *denotes significant change of 
pH(H20), p < 0.05) 


0.004 + 0.0014 year ! pH units could only be observed for the organic layer, 
whereas the 5-10 cm interval showed a pH decrease of 0.004 + 0.001 year! (not 
shown). The other sampling intervals revealed only insignificant changes. The pH 
increase in the topsoil is attributed primarily to the reduced deposition of acidity and 
to liming measures. The reduced leaching of basic cations from the organic layer 
may have contributed to the pH increase together with an increased contribution of 
base-rich litter from deciduous tree species, which were increasingly present at the 
plots since NFSI I. 

The higher increase of pH(H5O) as compared to pH(KC]) in all depth intervals 
may be attributed to a decrease of ionic strength of soil solution. For a given 
distribution of exchangeable cations, a decrease of ionic strength results in an 
increase of pH, which is more prominent for pH(H5O) than for pH(KC]) as the latter 
is also determined by the exchanger composition (Reuss and Johnson 1986). A 
decrease of ionic strength of soil solution during the period from 1990 to 2006/2008 
was demonstrated for several forested sites in northwest Germany (Klinck et al. 
2012; Meesenburg et al. 2016). 

According to the pH(H5O) value the samples can be attributed to pH buffer 
ranges (Ulrich 1983). Changes in the frequency of samples in the different buffer 
ranges between NFSI I and NFSI II illustrate changes in the acid-base status of the 
NFSI plots. As compared to NFSI I, an increase of samples within the exchange 
buffer range, silicate buffer range and the CaCO; buffer range of 9% in the 0-5 cm 
interval and of 5% in the 5-30 cm interval was observed leading to equivalent 
reductions in the Fe, the Fe-Al and the Al buffer range (Fig. 4.3). In the 60-90 cm 
interval, a 596 decrease occurred in the Al and exchange buffer range with a 
concurrent increase in the silicate and CaCO; buffer range. The shift between pH 
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Fig. 4.3 Fractions of plots within different pH buffer ranges (according to Ulrich 1983) in the 
mineral soil for complete samples of NFSI I and NFSI II (Fe, Fe buffer range; Fe-Al, Fe-Al buffer 
range; Al, Al buffer range; exch., exchange buffer range; silicate, silicate buffer range; CaCO3, 
carbonate buffer range) 


buffer ranges was higher for limed as compared to unlimed plots. At unlimed plots, 
distinct changes of the frequency in the buffer ranges cannot be observed. This 
pattern is most probably a result of liming measures and a general decrease of the 
ionic strength of soil solution, which was observed for several intensive forest 
monitoring sites in northwestern Germany (Klinck et al. 2012). For the subsoil of 
unlimed NFSI plots, on average a balance between processes increasing and decreas- 
ing acidity can be assumed. 

In the organic layer and in the mineral soil, up to 60 cm depth of acid-sensitive 
sites pH(H2O) was significantly higher at limed as compared to unlimed plots 
(Fig. 4.4). Differences were less obvious for pH(KCI) (not shown). Between NFSI 
I and NFSI II, pH(H5O) increased in the organic layer and in the mineral soil up to 
10 cm depth both at limed and unlimed plots. Below 10 cm depth, unlimed plots 
showed no temporal change, whereas limed plots revealed an increase of pH(H5O). 
For pH(KCI) no distinct pattern of changes was found. An exception from the 
observed pH increase in the organic layer is plots with pine as dominating tree 
species. For these plots pH(KC]) in the organic layer and up to 10 cm of the mineral 
soil decreased significantly. Pine stands are often cultivated on soil from base-poor 
unconsolidated sediments. Pine stands located in the northeastern German lowlands 
are mostly unlimed. In addition, many sites where high loads of basic dust were 
deposited in the last century are stocked with pine. These sites were acidified 
between NFSI I and NFSI II due to the leaching of bases (see Chap. 2). 
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4.2.2 Base Saturation 


The acid-base status determines to a large degree the availability of nutrients in the 
soil, e.g. by the pH-dependent allocation of cations at the exchange sites. Thus, the 
nutrition of the forest stands is affected by soil acidification (see Chap. 9). The base 
saturation describes the proportion of effective cation exchange capacity in the soil 
occupied by Na, K, Mg and Ca. It serves as an indicator for the acid-base status of 
forest soils as the allocation of the exchange sites is strongly pH dependent. The 
introduction of acid cations can alter the base saturation significantly especially in 
the exchange buffer range. The occupation of exchange sites with acid cations such 
as Al, Mn, Fe and H* is reciprocal to base saturation. Among the acid cations, Al 
usually constitutes the largest proportion. 

Some exchange sites may also be occupied by NH, (Aber 1992). In the mineral 
soil, NH, can be retained at clay minerals (Davidson et al. 1991). As the ion radius of 
NH, is similar to that of K, in clay-rich soils NH, is fixed in the interlayers of 2:1 
clay minerals and further not fully available for cation exchange (Nieder et al. 2011). 
However, as exchangeable cations were extracted with NH4CI solution (see 
Chap. 1), a quantification of the saturation of exchange sites with NH; is not possible 
for NFSI. In the mineral soil, soil solution concentrations of NH, are usually very 
low due to retention in the organic layer and nitrification (Brumme et al. 2009; 
Schwarz et al. 2016). Corre et al. (2007) found for German forest sites on a N 
deposition gradient, that microbial NH, retention was more important than abiotic 
NH, retention. Thus, it is assumed that exchangeable NH, only contributes to a small 
extent to total exchangeable cations. 

Observations of base saturation from NFSI I and NFSI II are only available for the 
mineral soil. Hence, the medium-term availability of nutrient cations is characterized 
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for the organic layer by their aqua regia extractable stocks as these may be released 
when the organic layer is decomposed (see Chap. 3). 

Mean base saturation in the uppermost 5 cm of the mineral soil was 41.5 + 0.8% 
for NFSI II. It approached lowest values in 10-30 cm depth (31.1 + 0.84%) and 
increased to deeper soil layers. In all soil layers a large span of base saturation from 
<4 to 100% was observed. Median values are consistently lower than arithmetic 
means for the different soil layers, e.g. 28% for the 0—5 cm depth and 12% for 
10-30 cm. 

Sites with high base saturation in the whole soil profile occur predominantly in 
regions with carbonate substrates, e.g. in the Alps and at the Swabian-Franconian 
Alb (Fig. 4.5). Low base saturation can be found in almost every region demon- 
strating the widespread loss of bases from forest soils in Germany. Forest soils with 
low base saturation over the whole profile were observed especially at low mountain 
ranges with base-poor silicate bedrock and at unconsolidated sandy substrates from 
Saalian sediments in the North German lowlands. Topsoils with low base saturation 
were observed in many substrates across Germany. Often forest soils with low base 
saturation occur in short distance to soils with high base saturation, which can be 
attributed to a high heterogeneity of site condition and to liming measures. Espe- 
cially loamy soils of the lowlands and soils of alluvial plains showed a great variety 
of base saturation values and depth profiles (Fig. 4.6). Plots vegetated with decid- 
uous tree species revealed significant higher base saturation in the upper 10 cm of the 
mineral soil as compared to coniferous tree species (Wellbrock et al. 2016). This 
pattern may be attributed to a higher base cation content of litter from deciduous tree 
species (Augusto et al. 2002; Jacobsen et al. 2002). 

A significant increase of base saturation between NFSI I and NFSI II of 
0.28 + 0.04% a^! was observed in 0-5 cm depth of the mineral soil for the paired 
sample (Fig. 4.7). In contrast, a significant decrease of base saturation of 
0.16 + 0.03% a !, 0.3 + 0.04% a ^! and 0.28 + 0.04% a ! in 10-30 cm, 
30-60 cm and 60-90 cm, respectively, occurred. Accordingly, the fraction of plots 
within base saturation classes “very low" to “low to medium” 
(AK Standortskartierung 2003) decreased in the 0—5 cm depth from 65 to 52%, 
while plots within base saturation classes “medium” to “very high” increased 
(Fig. 4.8). The observed pattern of improved base saturation in the topsoil but 
ongoing soil acidification in the subsoil probably points to the effects of liming 
measures and reduced deposition of acidity, which are most prominent in the topsoil. 
Nitrification of reduced nitrogen and the remobilization of sulphur may delay the 
recovery of the subsoil. In addition, the uptake of base cations by the forest stands 
contributes to the loss of ANC from the subsoil. 

Base saturation was higher on limed as compared to unlimed acid-sensitive plots 
of NFSI II down to 10 cm depth (Fig. 4.4). Acid-sensitive plots were identified 
according to the exchangeable Al pool in the subsoil. If the pool of exchangeable Al 
in 60-90 cm depth was higher than an equivalent of 3 to ha“! of dolomitic lime, the 
respective NFSI plot was classified as acid sensitive (Höhle et al. 2018). For 45 long- 
term liming trials in northwest Germany, Guckland et al. (2012) found an 11% 
points increase of base saturation up to 40 cm depth. Unlimed plots of the NFSI II 


4 Soil Acidification in German Forest Soils 103 


Base saturation 
in the mineral soil 
at 30 - 60 cm depth 


- NFSI II - 


Percentile classes 
[76] 


Ani 44 ^ "*' =< 5 
A A EL A . 
: E A2 5 to« 8 
. ea Hee, 
CPC A “2 Bto< 16 
n E a nade : * 2 16 to« 59 
N LI ud = 2 59 to « 100 
= a > 100 
= no values 


Fig. 4.5 Base saturation in % in the mineral soil at 30-60 cm depth of NFSI II 


showed higher base saturation than limed plots in the subsoil (Fig. 4.4). This pattern 
may be interpreted with the selection of sites for liming, where most acidified sites 
are preferred. As the liming effect is mainly restricted to the topsoil, the sites selected 
for liming on average show lower base saturation. Between NFSI I and NFSI II, an 
increase of base saturation in the upper 30 cm of the limed plots and a decrease in 
5-90 cm depth of the unlimed acid-sensitive plots were observed (Wellbrock et al. 
2016). 

An increase of base saturation between NFSI I and NFSI II occurred predomi- 
nantly at loamy soils of the lowlands (0—5 cm depth), at soils from base-poor 
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Fig. 4.6 Base saturation for 


different soil parent material r | y = i P y 
groups in the mineral soil for 3 4 = 2 246 
NFSI II (1, soils from base- 54 $ b 134 
poor unconsolidated 24 * b 63 
sediments; 2, soils of 4 4 Hoia 163 
alluvial plains; 3, loamy 7 40-5 cm * 27 
soils of the lowlands; 4, soils i i I ! l 
from weathered carbonate 64H a d n-774 
bedrock; 5, soils from basic- 14 H 38:1 — — ad 395 
intermediate bedrock; 34 * c 246 
6, soils from base-poor 54 + pb 134 
consolidated bedrock; 24 G b 6 
7, soils from the Alps) m = a 18 
a 7 45-10 cm # a 
fe) T T T T T 
= 6 4 $— — a n=773 
E 14 3$— — —]d 388 
9 34 | * c 247 
£ 24 H * b © 
= 54 * b 134 
S 4 4 +— ja 163 
5 7 10-30 cm $t 2 
e T T T T T 
o 1d 1$&— — — a n-393 
EE E $— — jo 768 
34 IH * c 247 
24 * c 61 
54 m ry b 12 
4 4 lea 157 
7 4 30-60 cm o e 
T T T T 
14 H + Jo n-395 
64 H $ c 688 
2 * b 61 
34 * b 230 
54 * a 119 
44 ola 122 
7 -| 60-90 cm + 6 
T T T T T T T T T T 


0 10 20 30 40 50 60 70 80 90 100 
BS [96] 


consolidated bedrock (0-10 cm depth) and at soils from weathered carbonate 
bedrock (0-10 cm depth, Fig. 4.9). A significant decrease of base saturation was 
observed at all depths for soils from base-poor unconsolidated sediments, in 
10-90 cm depth at soils of alluvial plains, at loamy soils of the lowlands and at 
soils from base-poor consolidated bedrock in 30-60 cm depth and at soils from 
basic-intermediate bedrock in 10—30 cm depth (Fig. 4.9). The decrease of base 
saturation only took place at unlimed plots of all substrates, whereas liming gave 
rise to base saturation at soils from base-poor unconsolidated sediments (0-10 cm 
depth), at soils from basic-intermediate bedrock (0—5 cm depth) and at soils from 
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Fig. 4.7 Base saturation in the organic layer and in the mineral soil layers for NFSI I and NFSI II 
(a, complete sample including bogs and organic soils) and differences of base saturation between 
NFSI I and NFSI II (b, paired sample without bogs and organic soils) 
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Fig. 4.8 Fractions of plots within different base saturation classes in the mineral soil for complete 
samples of NFSI I and NFSIII (base saturation classes according to AK Standortskartierung (2003); 
very low «746, low 7-20%, medium to low 20-30%, medium 30-50%, medium to high 50-70%, 
high 70-85%, very high 78596) 


base-poor consolidated bedrock (0—30 cm depth). Hence, liming seems to override 
effects of different substrates. 

The effect of liming and other environmental and soil variables on the change of 
base saturation was analysed with a generalized additive model (GAM) (Hastie and 
Tibshirani 1990). A mass-weighted mean base saturation for the depth interval 0-90 cm 
of NFSI I and NFSI II was derived according to Spranger et al. (2015). The change of 
base saturation (BS) between NFSI I and NFSI II (ABS = BSyesı n — BSnesı ı) was 
analysed with various potential predictor variables (Table 4.2). 
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Fig. 4.9 Change of base saturation (ABS [46 a !]) between NFSI I and NFSI II in the mineral soil 
for selected soil parent material groups (1, soils from base-poor unconsolidated sediments; 2, soils 
of alluvial plains; 3, loamy soils of the lowlands; 4, soils from weathered carbonate bedrock; 5, soils 
from basic-intermediate bedrock; 6, soils from base-poor consolidated bedrock) 


For the development of the GAM, the general methodology of Wood (2006) was 
followed using the R-library mgcv (1.8-17). ABS and ACEC values outside the triple 
interquantile range (3*IQR) were excluded from the analysis. Furthermore one 
outlier detected from the residual plots of the final model was also excluded. For 
model building and variable preselection, the R add-on package mboost (2.8-1) was 
used (Hofner et al. 2011). To detect the optimal mstop values for application of the 
mboost function, a tenfold cross-validation was applied. Continuous variables were 
integrated as penalized splines in the model, each specific for limed and unlimed 
plots, respectively. Predictor variables significant at p < 0.05 were included in the 
model. The Ca stock in the organic layer and the mineral soil (0-90 cm), base 
saturation at NFSI I, the carbon stock in the organic layer, the carbon stock in the 
mineral soil (0-90 cm) and the K weathering rate (0-90 cm) were included in the 
final model (see Eq. 4.1, Table 4.3). Except the K weathering rate, each variable 
exhibits significantly different partial effects for limed and unlimed plots 
(Fig. 4.10a-e). The selected predictors account for 67% of the total variance: 
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Table 4.2 Predictor variables 


used in the generalized 


additive model (GAM) for the 
prediction of change of base 
saturation (0—90 cm) between 


NFSI I and NFSI II (ABS) 
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Predictor Unit 
S deposition keqha a^! 
N deposition keq ha^! a^! 
BC deposition keqha ' a^! 
ACpotnet deposition keqha ' a^! 
Net biomass BC uptake keq ha‘ a! 
Calcium weathering rate keq ha^! a^! 
Magnesium weathering rate keq ha^! a^! 
Potassium weathering rate keqha ' a^! 
BC release by silicate weathering keqha ' a^! 
Cation exchange capacity mmol, kg" 
Base saturation mineral soil 0-90 cm % 
Carbon stock organic layer tha! 
Carbon stock mineral soil 0-90 cm tha ! 
Carbon stock organic layer + mineral soil 0-90 | t ha! 
cm 
Nitrogen stock organic layer + mineral soil tha! 
0-90 cm 
C/N ratio - 
Calcium stock organic layer + mineral soil kg ha^! 
0-90 cm 
Magnesium stock organic layer + mineral soil | kg ha’! 
0-90 cm 
Potassium stock organic layer + mineral soil kg ha! 
0-90 cm 
BC stock organic layer + mineral soil 0-90 cm | keq ha! 
Liming Yes/no 
Carbonates in soil Yes/no 
Stand type Categorial 
Soil type Categorial 
Soil class Categorial 
Soil parent material group Categorial 
Seepage flux mm 
Soil water content mm? 
Mean air temperature °C 
Mean annual precipitation mm 
Stand type Categorial 
Federal state Categorial 
Latitude GK4 
Longitude GK4 
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Table 4.3 Estimated Est. SE edf 

coefficients. and statistical Pan 

characteristics of the model 
Intercept —0.3173 0.2511 
LI= YES 1.7872* 0.6924 
Approximate significance of smooth terms 
Sirno(logCa) 4.428*** 
fu,yes(ogCa) 2,12*** 
JLıno(BS) 4.044*** 
fui ves (BS) 1.000*** 
fitno(CO) 2.997*** 
fui ves(CO) 1.000*** 
fino(CM) 1.000*** 
fityes(CM) 2.458*** 
f(KW) 2.3599 


Est estimated parameter value, SE standard error, edf effective 
degrees of freedom, Ca calcium stock, BS base saturation, CO 
carbon stock in organic layer, CM carbon stock in mineral soil, 
KW K weathering rate, LI limed, Signif. codes: <0.001***, 
<0.05* 


ABS; = Bo + Itui=noyfLı,no(logCa;) + JF rui-vesy/ i, ves (logCai) 

+ tui-NoY ui No(BS;) + Tri vgsy Li, ves (BS;) 
+1 11 i=noyfıı,no(CO;) + Fiui-vesy i, ves (CO;) (4.1) 
+1 qui-NoV t1, No(CMi) + I puij=ves} fu, ves (CM;) 

+f (KW) + HFii-vgsyP + €i 


with 

ABS; = change in base saturation between NFSI I and NFSI II at NFSI plot i [96] 

Ro = intercept 

I = indicator function, denoted by /geonditiony = {(1, if LI = YES)/(0, else) } 

fip, (p = NO,YES) = to describe liming specific one-dimensional penalized 
regression splines 

Jı = parameter vector corresponding to LIME (LI) 

Ca = calcium stock in organic layer + mineral soil 0-90 [kg ha '] 

BS — base saturation at NFSI I in mineral soil 0—90 [96] 

CO = carbon stock in organic layer [t ha !] 

CM = carbon stock in mineral soil 0—90 [t ha !] 

KW = K weathering rate in mineral soil 0-90 [kg ha! a~'] 

LI = lime classes (NO, unlimed; YES, limed) 

fi = one-dimensional penalized regression splines 

€; = random error term, e; ~ N(0, 02) 


The Ca stock displays a positive partial effect on „BS, which is stronger for 
unlimed as compared to limed plots (Fig. 4.10a). Contrariwise, for base saturation at 
NFSII, a negative effect with higher base saturation values is apparent (Fig. 4.10b). 
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Fig. 4.10 Partial effects of Ca stock in organic layer + mineral soil 0-90 (a), base saturation 0—90 
(b), carbon stocks in organic layer (c), carbon stocks in mineral soil (d), K weathering rates (e) and 
the relationship between measured and estimated base saturation changes in the soil 0-90 (ABS) (f). 
Dashed lines indicate 9596 pointwise prognosis intervals 
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For the interpretation of these effects, a strong correlation between base saturation 
and calcium stock in soil (rspear = 0.7***) should be considered. The negative 
relation of base saturation with ABS may indicate that sites with very low base 
saturation had reached a low level, where the flux of base cations was restricted 
(Horn et al. 1989). Sites with higher base saturation have a higher potential for 
decrease of base saturation especially at sites where sulphate is released into soil 
solution. In addition, sites affected by deposition of fly ashes (see Chap. 3) show a 
high base saturation at NFSI I, hence a disproportional high reduction of base 
saturation (Riek et al. 2012). The effect size of organic layer and mineral soil carbon 
stock is lower than that of Ca stock and base saturation. On sites with a higher 
organic layer carbon stock, there is a higher retention of base cations in the organic 
layer and consequently a lower availability of base cations in the mineral soil 
(Fig. 4.10c). The model identified also an effect of mineral soil carbon stocks on 
ABS which is stronger on limed plots for very low carbon stocks (Fig. 4.10d). 
Although the effect of K weathering on ABS is only weak, it may be interpreted as 
a disproportional high decrease of base saturation on sandy sites with a high 
proportion of illite-like clay minerals, e.g. soils from base-poor unconsolidated 
sediments (Fig. 4.10e). From Fig. 4.10f no systematic deviation of the relation 
between estimated and observed change in base saturation is visible. 

The sensitivity of ABS for limed and unlimed plots with respect to base saturation 
between 10 and 25% for different levels of Ca stock (600 and 900 kg ha!) and 
organic layer carbon stocks (20 and 40 t ha^!) is visible in Fig. 4.11. The other 
variables included in the GAM were held constant at the median of NFSI II. Liming 
generally increases ABS especially where a large reduction of base saturation occurs 
indicating an efficient mitigation of further soil acidification after liming. With 
regard to a different depth interval (0—90 cm) considered in this study, the effect 
size is comparable to the findings of Guckland et al. (2012) for sites in northwest 
Germany, who found differences in base saturation of 20%, 596 and 3% for the depth 
intervals 0-10 cm, 10-20 cm and 20-40 cm of limed as compared to unlimed plots, 
respectively. A strong effect of organic layer carbon stocks on Ca and Mg retention 
and base saturation changes was also described by Guckland et al. (2012). In 
summary, model results suggest that ABS is mainly dependent on the soil pools of 
basic substances at NFSI I, which is modified with respect to liming and soil organic 
matter status. 


4.2.3 Aqua Regia Extractable Ca Stocks 


The mean stocks of aqua regia extractable Ca in the organic layer amounted to 
288 + 9 kg ha“! for the NFSI II. High amounts of Ca were found predominantly at 
sites with carbonate-containing bedrock and at limed plots (Fig. 4.12). Low Ca 
amounts were observed in soils from base-poor substrates at low mountain ranges 
and in the North German lowlands. Evers et al. (2016) found for the state of Hesse a 
decrease of Ca stocks in the organic layer and an increase in the mineral topsoil 
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Fig. 4.11 Partial effects of base saturation on base saturation changes between NFSI I and NFSI II 
(ABS) for different levels of Ca stocks and organic layer carbon stocks. Other variables held 
constant 


between NFSI I and NFSI II. The spatial and temporal pattern of Mg stocks was 
similar to Ca yet at a lower level (not shown). 


4.24 Comparison with Long-term Studies on Soil 
Acidification 


The time period between NFSI I and NFSI II is characterized by strong reductions of 
acid deposition. However, even stronger reductions occurred prior to NFSI I begin- 
ning in the 1980s. In order to compare changes in the acid-base status of forest soils 
between NFSI I and NFSI II to a longer time period, long-term studies from intensive 
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Fig. 4.12 Calcium stock in kg ha! in the organic layer of NFSI II 


monitoring plots from northwestern Germany were evaluated with respect to soil 
acidity. 

At two intensive monitoring plots of the ICP Forests Level II programme at 
Solling, northwestern Germany, stocked with European beech (Level II plot 304) 
and Norway spruce (Level II plot 305) 11 and 12 inventories of the mineral soil, 
respectively, have been conducted between 1966 and 2010. At both plots, base 
saturation showed a decreasing trend between the late 1960s and the beginning of the 
2000s, whereas a slight recovery was observed within this century (Figs. 4.13 and 
4.14). Recovery was more distinctive in the upper soil layers, whereas the subsoil 
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Fig. 4.14 Long-term base saturation [%] 
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experienced a further acidification. The loss of base cations from the mineral soil 
until the 1990s was partly compensated by an accumulation in the organic layer 
(Meiwes et al. 2009). Since then, base cations were released into the mineral soil due 
to enhanced decomposition of the organic layer (Meesenburg et al. 2016). 

At long-term monitoring plots at substrates with low buffer capacity and soil 
samplings before 1985, strong decreases of base saturation in the 0-30 cm layer of 
the mineral soil occurred before 1990 (Fig. 4.15). The decrease ceased at those plots 
approximately between 1995 and 2005, and a slight increase of base saturation can 
be assumed since then. The time period, when soil acidification was reversed at these 
plots, falls in between NFSI I and NFSI IL, which might explain opposite trends of 
soil acidification found at the NFSI plots. 
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Fig. 4.15 Long-term development of base saturation at 0-30 cm depth of the mineral soil at 
intensive monitoring plots in northwest Germany. 301 to 305 refer to ICP Forests Level II plots, 
BDF4 to BDF13 to permanent soil monitoring plots; plots with soils from base-poor consolidated 
bedrock are in blue colour; plots with soils from base-poor unconsolidated sediments are in green 
colour; trend lines are second-order polynomial functions, except for plots with only three sam- 
plings, where a linear trend was applied 


4.2.5 Case Study on Soil Acidification in the State 
of Brandenburg 


A special pollution situation in the northeastern German lowlands became evident in 
the NFSI of the federal state of Brandenburg (Riek et al. 2015). An important 
outcome of this survey was that acidification of many forest soils in Brandenburg 
and neighbouring areas proceeded at an above-average rate in the period between 
NFSII (1992) and NFSI II (2007). A decrease in the pH(KCI) values was recorded in 
the organic layer and the mineral topsoil to 30 cm depth, whereas pH(KCI) changes 
were insignificant in the subsoil. The base saturation as a sensitive indicator of soil 
acidification decreased significantly in all depths of the examined soil body 
(0-140 cm depth), and the Ca and Mg stocks have changed from predominantly 
low-medium to low (Ca) and from low to very low (Mg), respectively (valuation 
levels by AK Standortskartierung 2016). 

The leaching of Ca and Mg ions, which had previously been deposited by flying 
ash from brown coal power plants, is regarded as a major cause for this obviously 
strong decrease of pH and base saturation in a relatively short period. A pronounced 
loss of base cations was recorded especially for those soils that had unusually high 
base saturations with respect to these usually nutrient-poor sandy soils at the time of 
NFSI I (Fig. 4.16). 

Regionally occurring high pH(KCI) values in the mineral topsoil of the NFSI II 
sample, with simultaneously low values in the subsoil, also provide a clear indication 
for a still persisting effect of the former atmospheric deposition of basic dust. In 
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Fig. 4.16 Difference between base saturation (BS) from NFSI II and NFSI I in the state of 
Brandenburg, stratified by soil depth and evaluation level of base saturation at the time of NFSI I 
(valuation levels according to AK Standortskartierung 2003), without hydromorphic and carbonate- 
containing soils (n = 126) 


addition, local maxima of the base cation stocks are currently still found in the 
former dust deposition areas in southern Brandenburg. Noteworthy are the natural 
nutrient-poor inventory plots of this old moraine area, which still have very high Ca 
and Mg fractions of the cation exchange capacity despite a general reduction of base 
saturation between NFSI I and NFSI II. The depth profiles of base saturation at NFSI 
plots affected by fly ashes do not fit well to any of the depth profile types of base 
saturation defined in Chap. 2. 

The former GDR brown coal production amounted to 85.2 million tons and 
peaked at 312.2 million tons in the mid-1980s (Buck 1996). The use of lignite in 
power plants grew steadily until the year 1989. It was increasingly burned as raw 
brown coal in the industrial agglomeration areas of the GDR. According to studies in 
the Bitterfeld area by Koch et al. (2001), the fly ashes consisted of high proportions 
of Ca and Mg oxides. The dusts were partly deposited in the vicinity of emission 
sources and due to emission with high chimneys also transported over long distances 
settling particularly at forest ecosystems because of their high surface roughness. 

On the basis of deposition measurements since the 1960s (Möller and Lux 1992), 
coal mining statistics (Statistik der Kohlenwirtschaft e.V. 2015) and extensive 
analyses of bark samples on the grid of the forest condition survey of the former 
GDR in the years 1985 and 1988 (Stöcker and Gluch 1992; Kallweit et al. 1985), 
both the temporal and the spatial distribution of the base cation deposition were 
roughly calculated (Riek et al. 2015). According to these estimations approximately 
50 kg ha! year ! of Ca was deposited on average into pine stands in the state of 
Brandenburg at the time of the highest incidence of atmospheric pollution in the 
1980s. A mean cumulative Ca deposition in the order of 2.2 t ha“! for the period 
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from 1945 to 1990 is estimated according to this approach. This corresponds to an 
amount of lime of 6 t ha! (CaCO; content: 90%) over a period of 45 years, with 
which a large part of the acid sulphur deposition could be buffered. After cessation of 
emission of these specific atmospheric pollutants during the early 1990s, the accu- 
mulated mobile anions of sulphuric acid were leached, taking corresponding 
amounts of Ca and Mg ions with them. 

Thus, it is assumed that the reduced base saturation recorded in the NFSI II 
represents a more natural state than the artificially elevated values at the time of the 
NFSI I in the regions previously affected by dust deposition. 


4.3 Conclusions 


The results of NFSI II demonstrate first achievements of environmental policy and 
forest management for the recovery of forest soils from acidification. The wide- 
spread acidification of topsoils and depletion of bases, which was observed during 
NFSI I, has been reduced. The recovery from acidification was highest in the organic 
layer and decreased with depth of the mineral soil. However, pH(KCI) decreased 
further especially at sites in the northeastern German lowlands. Where forest sites 
were limed, a significant increase of pH(KCI) until 10 cm depth was observed. The 
pH increase can be attributed to decreased deposition of acidity and to liming 
measures. A larger increase of pH(H5O) as compared to pH(KCI) is due to the 
decrease of the ionic strength of soil solution after deposition reduction. 

According to the main buffer mechanisms the sampled soil intervals can be 
assigned to buffer ranges. Due to changes of soil pH, the distribution of NFSI 
plots among the buffer ranges changed as well. The rise of pH in the topsoil resulted 
in an increase of plots within the exchange to CaCO; buffer range, whereas plots 
within the Fe to Al buffer range decreased. In the 60-90 cm depth interval the 
proportion of plots in the Al and exchange buffer range decreased in favour of the 
silicate and CaCO; buffer range. The shift in the distribution of plots among buffer 
ranges was mainly caused by liming. 

Base saturation increased in the topsoil between NFSI I and NFSI II, which was 
significant for the paired sample in the 0—5 cm interval. However, a significant 
decrease of base saturation was observed below 10 cm depth. Limed plots showed a 
significant increase of base saturation in the upper 30 cm of the mineral soil, and base 
saturation in this depth range was higher as compared to unlimed plots. 

The Al saturation of the NFSI plots showed a depth gradient, which was inverse 
to the depth gradient of base saturation. Aluminium saturation was on average 
40.2 + 0.62% in the 0-5 cm depth achieving a maximum of 62.3 + 0.79% in 
10-30 cm depth and decreasing values with increasing depth. Average Mn, Fe and H 
saturation was highest in the uppermost depth interval (0—5 cm) with values of 
2.5 + 0.08%, 3.1 + 0.08% and 12.8 + 0.31%, respectively, and decreased with 
increasing depth. 
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Mean stocks of aqua regia extractable Ca and Mg in organic layers of German 
forest soils were 288 + 8.5 kg ha“! and 73 + 2.7 kg ha !, respectively, for NFSI 
II. They were increasing with increasing depth achieving 1895 + 177 kg ha! and 
1403 + 62 kg ha ' of Ca and Mg, respectively, in 5-10 cm depth. The spatial 
distribution of nutrient cations was mainly related to the parent material of the soils 
with high stocks in soils from weathered carbonate bedrock and in soil from basic- 
intermediate bedrock, whereas low stocks were found in soils from base-poor sub- 
strates. Mean stocks of exchangeable nutrient cations (Ca, K, Mg) for the whole soil 
profile (0-90 cm) were 6670 + 274 kg ha !, 609 + 15.7 kg ha ! and 
1206 + 62.3 kg ha ', respectively. 

Liming between NFSI I and NFSI II exert a major effect on the acid-base status 
and the nutrient availability of forest soils. Limed sites reveal higher pH and base 
saturation as compared to unlimed sites. In addition, stocks of exchangeable Ca and 
Mg are significantly higher up to 30 cm depth. 

At NFSI II plots, lower pH(KCI) values were observed in coniferous stands than 
in deciduous stands in the organic layer and in the mineral soil up to 10 cm depth. 
These differences were less distinctive in deeper soil layers. 

Generally, the acid-base status of forest soils in Germany improved between 
NFSI I and NFSI II due to a strong reduction of acid deposition. The statistical 
evaluation showed a major impact of liming and the acid-base status at NFSI I on the 
base saturation change until NFSI II. In addition, carbon stocks in the organic layer 
and mineral soil exhibit a modifying influence. Soil acidification was decelerated or 
even reversed inducing a decreased Al concentration in soil solution with 
corresponding reduced toxic stress to tree roots and microorganisms. Especially 
those sites, which are limed and vegetated with deciduous tree species, showed 
indications of recovery. At limed sites the regeneration extended even to the subsoil. 
However, unlimed acid-sensitive sites revealed an ongoing acidification of the 
subsoil with corresponding losses of base cations. Major causes are the still sub- 
stantial deposition of nitrogen species with subsequent generation of acidity through 
uptake and nitrification processes and the remobilization of previously retained 
sulphur. In addition, the loss of alkalinity through the uptake of nutrient cations 
gained increasing importance during the last decades because of increased growth 
rates and decreased importance of other sources of acidity. Owing to the nationwide 
reduction of acid inputs, the relative spatial variability of soil acidity increased. A 
regional peculiarity are the deposits of basic dust in parts of the northeastern German 
lowlands, which were subject to a strong leaching from the soils but still cause a 
higher level of alkalinity at some sites. 

With respect to an aspired recovery of the acid-base status of forest soils in 
Germany, the following recommendations can be deduced from the results of NFSI: 


* Further reduction of deposition of acidity to a level below critical loads of acidity 

* Liming of acidified soils in order to accelerate the regeneration process and to 
compensate nutrient losses due to introduced mobile anions 

* Limitation of nutrient removal with biomass extraction at nutrient-poor and acid- 
sensitive sites 
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* Promotion of deep-rooting tree species in order to enhance the zone, where 
mineral weathering contributes to the biogeochemical cycling of base cations 


The above-mentioned adaptation options should be combined based on a site- 
specific evaluation of the current acid-base status and expected pathways of forest 
development. 
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5.1 Introduction 


Nitrogen (N) in forest soils is a key variable to assess the state of forest ecosystems 
due to the large effects it has on forest growth, ecosystem integrity, and human 
health. High amounts of N are needed for biomass production in forests as N is one 
of the four elements that are structural components of most organic molecules 
forming biomass. In contrast to the other main elements essential for biomass 
production (carbon (C), oxygen (O), and hydrogen (H)), forest trees could over the 
longest part of their evolution not get these amounts of N directly by using ubiqui- 
tous media like water or gases from the atmosphere. Since atmospheric nitrogen (N>) 
is a very stable molecule, requiring high amounts of energy for the transformation 
into reactive N species that may contribute to plant-available N, forest trees always 
depended on the recycling of organic N from the decomposition of dead organic 
matter in the soil, where organic molecules are with 9596 the prevailing form of N 
(Rohmann and Sontheimer 1985). Their mineralization and the subsequent nitrifi- 
cation by microbes are exergonic and provide the inorganic molecules ammonium 
(NH4^) and nitrate (NO; ) that may both be taken up by plant roots. NO; and NH,* 
assimilation in the roots and leaves of trees require energy from photosynthesis, 
which provides the energy source keeping this forest internal N recycling running. In 
terms of ecosystem services, nutrient recycling is considered the economically most 
valuable ecosystem service of forests (Costanza et al. 1997). 

Without consideration of human activities, there is only limited exchange of this 
ecosystem-internal cycle with the environment (Larcher 2001): The natural sources 
for additional plant-available N (lightnings and N; fixing microbes, redistribution of 
N by moving water or animals) are scarce; thus tree species show mechanisms for 
minimizing N losses from the forest ecosystem due to leaching or gaseous emission. 
These include to build up dense fine root and mycorrhizal networks close to the 
origin of newly mineralized N compounds or immediate uptake of any plant- 
available N, preferentially NH4* (Ek et al. 1994; Posch et al. 2015). In this sense, 
forest ecosystems have evolved towards increased capability for N storage, with the 
upper parts of the soil as major N stock in temperate forests, as a response to the low 
reliability of N supply in nature. 

In modern times, these conditions have dramatically changed due to N deposition 
from industrial processes with high energy consumption that lead deliberately 
(fertilizer production) or as a by-product (combustion processes) to the transforma- 
tion of atmospheric N; to reactive N species. Atmospheric N deposition to forests in 
Germany had continuously risen since pre-industrial times until a maximum was 
reached between 1980 and 1995, when NFSI I took place. Partly due to the 
introduction of catalytic converters for Otto engines (in Germany since 1989), 
N deposition started to decrease and was already much lower during NFSI II 
(see Sect. 2.2), though historically still on a high level (Fagerli et al. 2007; Fagerli 
and Aas 2008). The temporal course of the calculated N deposition (Fig. 5.1) agrees 
well with other models of deposition history in Europe (cf. Engardt et al. 2017). 

The high additional amount of NO; and NH;* currently reaching forest ecosys- 
tems through atmospheric deposition strongly affects the recycling of N: Forest 
growth is no longer limited by N availability such that other minimum factors gain 
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importance for controlling growth (Spiecker et al. 1996; Talkner et al. 2015). The 
increased amounts of plant-available N in the soil lead to changes in the species 
composition of ground vegetation, favouring nitrophilous species (Forster et al. 
2017; Strengbom and Nordin 2008). If N is deposited over longer time periods, 
the N retention capacity of forest soils may be exceeded (N saturation, Aber et al. 
1989, 1998; Lovett and Goodale 2011; Meesenburg et al. 2016), and excess N is 
leached in the form of NO; , which leads to increased NO; concentrations in the 
groundwater commonly used as drinking water and in lakes, where algal bloom and 
fish-poisonous conditions may be the consequence (Erisman et al. 2015; Oulehle 
et al. 2015). Lakes and brooks are also affected by acidity that is generated by plant 
uptake of NH," or its nitrification and may among other effects cause fish- and root- 
toxic aluminium ions (AP*) to dissolve, which can be leached together with NO; 
(Vitousek et al. 1997). Due to electroneutrality, NO3 leaching also leads to a loss of 
base cations from the soil (de Vries et al. 2014). Also gaseous emissions of N5O and 
other N compounds may increase with increasing N input (Eickenscheidt et al. 2011; 
Eickenscheidt and Brumme 2012; Krupa 2003), thereby contributing to the rising 
concentrations of the greenhouse gas N5O in the atmosphere. 

Since forests are typically much less affected by fertilizer application compared to 
agricultural areas, the groundwater under forested areas is often used for drinking 
water supply. Therefore, the quality of groundwater under forests is of direct 
relevance for human health. While a maximum of 50 mg NO; per litre is tolerated 
according to the water framework directive of the EU (EU Directive 2006/118/EC), 
it is known that even much lower concentrations over longer periods may induce 
health risks like bowel cancer (Ward et al. 2005). 

The NFSI, as the only spatially representative inventory of forest soils in Ger- 
many, may provide evidence for the effects of decreasing, but still high N deposition 
on N availability and N retention in the soil. It may show whether there are yet signs 
of recovery from the most extreme deposition rates and help to find out the time scale 
for such recovery. However, the soils were not only affected by changes in deposi- 
tion of NO; and NH,4*: Between NFSI I and NFSI II, a strong reduction in sulphur 
deposition (Engardt et al. 2017), a climate change induced rise in temperatures, 
higher availability of carbon dioxide (CO2), and changed availability of water may 
have altered the relationship between N transformation processes in the soil (Fleck 
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et al. 2017). For example, during the vegetation periods, days with extremely low 
soil water availability («4096 of plant available water capacity) were much less 
frequent in the 10 years before NFSI I (21.6 days) than in the 10 years before NFSIII 
(30.4 days, Fig. 3.11), while annual precipitation remained unchanged, thereby 
potentially increasing the amount of wetting and drying cycles that increase the 
availability of soil organic matter to decay processes (Borken and Matzner 2009). 
Management effects of liming and conversion of tree species composition provide 
additional influencing factors. The measurement results must, therefore, be 
interpreted with care, since they are the result of several interacting environmental 
and management factors. 

The following sub-chapters show first the status of N stocks and C/N ratios 
and highlight some of the most important impact factors for these patterns. The 
status results rely on NFSI II measurements (complete sample including peatland 
plots). Results from NFSI I and Intensive Forest Monitoring plots (IFM plots, 
ie. Level II plots and beyond them other plots sampled according to the same 
methodology) are occasionally given for comparison. Nitrogen stock changes from 
NFSI I to NFSI II are then derived with two alternative approaches: (1) differential 
measurement of N stocks at two points in time (NFSI I and NFSI IT), based on the 
paired sample without peatland plots or on IFM plot measurements, and (2) N 
balance of the modelled input and output rates for the period between NFSI I and 
NFSI II. These trend calculations are followed by the discussion of methods and a 
final discussion of the results. 


5.2 Nitrogen Stocks in Forest Soils 


Nitrogen stocks in the soil profile were assessed from the organic layer to a 
maximum depth of 90 cm. Because the soil depth was lower than 90 cm at a 
considerable proportion of sites and because of lower data availability at deeper 
depth, soil profile data are in most cases only shown for organic layer—60 cm. The 
typical gradient of N stocks with soil depth is, however, best visible for organic 
layer—90 cm. Considering the skewness of N stock distributions from NFSI I 
(see Sect. 5.5.3), medians are presented for each layer instead of means wherever 
distributions are not normal. All medians and means are area-weighted 
(see Sect. 1.17). 


5.2.1 Gradient of Nitrogen Stocks with Depth in the Soil 
Profile 


In NFSI II, 11% of N were kept in the organic layer, 52% in the uppermost 30 cm of 
the mineral soil, 21% in 30-60 cm depth, and 12% in 60-90 cm depth (layer medians 
as percentages of the organic layer—90 cm median). This gradient was similarly 
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Fig. 5.2 Depth gradient of nitrogen stocks in t ha^! for NFSI I (left, dark columns) and NFSI I 
(right, dark columns) related to the total sample of each inventory. Results from the first and second 
inventory on Intensive Forest Monitoring plots (IFM, light columns) measured within a time shift of 
maximum 5 years to each of the NFSIs (see "Results from Intensive Forest Monitoring Plots" under 
Sect. 5.4.2) are given for comparison. All values are medians with interquartile ranges as error bars 
and sample sizes given at the horizontal axis. As representative result for German forest soils, 
medians and interquartile ranges of NFSIs are area-weighted (see Sect. 1.17 and Fig. 5.11) 


observed in NFSI I (12%, 50%, 21%, and 13%, respectively) and did not signifi- 
cantly change (Figs. 5.2 and 5.122). Even the results from the much lower number 
of IFM plots with available inventory data show a very similar gradient 
(see Sect. 5.4.2). The observed gradient reflects the flow of organic material and 
its descendants through the ecosystem: Dead biomass is predominantly integrated 
via the organic layer, where the fresh litter is in the prevailing case of aerobic 
conditions not stored, but subject to high turnover rates and bioturbation, leading 
to its integration into soil organic matter. Total soil N stocks are, therefore, typically 
several times higher than those of only the organic layer and depend mainly on the 
quality and amount of litter entering the soil at its upper border or from fine roots in 
the upper mineral soil. Other important determinants of soil N stock are the climatic 
and soil-chemical conditions for litter decomposition. The sharpest decrease in N 
stocks occurs between the uppermost 30 cm and the next 30 cm of soil, since the 
aboveground organic material mainly adds to the uppermost part of the mineral soil. 
The decrease between 30-60 cm depth and 60-90 cm depth is rather moderate and 
apparently reflects the decreasing fine root density, which is mostly considered 
irrelevant in even deeper layers, where N concentrations often fall below the 
detection limit. 
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5.2.2 Nitrogen Stocks in the Organic Layer 


Nitrogen stock in the organic layer was with 0.67 t ha™ and an interquartile range 
(iqr) of (0.24; 1.22} t ha! (n = 1794) smaller than the amount of N stored in the 
upper 5 cm of the mineral soil (1.09 t ha’, iqr{0.76; 1.43), n = 1846). Since the 
delineation between both compartments is to a certain extent subjective (Jansen et al. 
2005), the joint N stock in organic layer—5 cm (1.81 t ha !, iqr (1.43; 2.37}, 
n — 1784) is a more robust estimate. 


5.2.3 Nitrogen Stocks in the Soil Profile: Organic Layer— 
Maximum 90 cm 


While the whole rooting zone may—especially on sandy soils—often go deeper than 
90 cm of the mineral soil (cf. Czajkowski et al. 2009), about 6% of NFSI II plots had 
soil profiles shallower than 90 cm. As a representative number for German forest 
soils, the area-weighted median of N stocks for all soil profiles from the organic layer 
down to maximum depth of 90 cm of the mineral soil was 6.3 t ha! (qr (4.5; 8.6}, 
n — 1647). The empirical national rating for N stocks in the rooting zone of forests 
(AK Standortskartierung 2016) was confirmed to some extent by the scatter of these 
results, since high (>10 t ha ') and very high (>20 t ha !) N stocks in the soil profile 
were observed on only 14% and 1% of the plots, respectively. These highest values 
were mainly reached in organic soils on actual or former peatland area. Very low 
nitrogen stocks («2.5 t ha !) were found on only 3% of the plots. 

Nitrogen stocks of the soil profile (Fig. 5.3) were highest on peatland plots and 
organic soils in the western part of the North-German Lowland, the Alps and their 
foothills, and the Bavarian Forest. Other regions with very high N stocks are the 
Rhine Rift Valley (here the N redistribution on alluvial plains may play a role), and 
mountain ranges surrounding the Thuringian Basin, Upper Franconia, large parts of 
the Rhenish Slate Mountains, the Southern Swabian Alb, Harz and nearby mountain 
ranges in Lower Saxony, and the Saarland. Out of these regions, the western part of 
the North-German Lowland, the Bavarian Forest, Upper Franconia, Harz, and the 
Rhenish Slate Mountains received comparatively high amounts of N deposition 
between 1990 and 2007. Plots in the Alps, the Bavarian Forest, and plots on high 
altitude in other mountain ranges have low annual mean temperature, which hampers 
decomposition in all stages and leads to an accumulation of N (see Sect. 5.3.3). 
Upper Franconia, the southern Swabian Alb, the Alps and their foothills, and a part 
of the Saarland provide soils from carbonate bedrock. 

The lowest N stocks of the soil profile are found in the Eastern part of the North- 
German Lowland with a focus on Brandenburg and adjacent areas in Saxony, 
Saxony-Anhalt, Lower Saxony, and Mecklenburg-West-Pomerania, where 
nutrient-poor, sandy soils in a dryer climate prevail and pine is the most abundant 
forest tree species (compare Sect. 5.3). Other regions with very low N stocks are 
parts of the mountain ranges Black Forest, Palatinate Forest, the Northern part of the 
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Fig. 5.3 Nitrogen stocks of the soil profile as measured during NFSI II (n = 1647) 


Swabian Alb, as well as Odenwald and the lower mountain ranges of North-Hesse, 
which are (except Odenwald) among the mountain ranges with relatively low N 
deposition. Black Forest and Odenwald possess mostly soils from acidic bedrock. 


5.2.4 C/N Ratios in the Top Soil 


C/N ratios as indicators of soil fertility and degradability of organic material in the 
upper horizons are traditionally calculated for the Ah horizon of the mineral soil 
when the humus form is mull or mull-like moder, while the Oa horizon of the organic 
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layer is used in all other cases (AK Standortskartierung 2003). In accordance with 
Cools et al. (2014), we separated between forest floor (organic layer) and top soil 
(here: 0—5 cm). 

The significance of C/N ratios for soil fertility gets visible when they are related to 
the nutrient indicator values of the ground vegetation present at each plot. The 
nutrient indicator values (from nutrient poor (1) to nutrient rich (9), Ellenberg 
et al. 2003) of plants in the herb layer show a decrease with increasing C/N ratio 
class (Fig. 5.4) and thereby confirm earlier findings on plant species adaptation. 

C/N ratios in the organic layer reached a mean value of 25.2 + 0.1 (iqr (22.5; 
27.3), n = 1792). C/N ratios below 20.7 (10%-quantile, q10) would be considered 
very low values, and C/N ratios above 30.4 (90%-quantile, q90) are very high in the 
NFSI II dataset for the organic layer, which includes undecomposed as well as partly 
decomposed litter and humus. In the upper 5 cm of the mineral soil, the mean of C/N 
ratios was 20.6 + 0.14 (iqr (16.5; 23.7), n = 1850). Here, very low C/N ratios were 
the ones below 14.2 (q10), and very high C/N ratios start from 27.9 (q90). Due to the 
operator-dependent separation between both layers, it may sometimes be interesting 
to also know these values for the continuum from the organic layer to 5 cm: The 
mean was 24.3 + 0.09 (iqr (21.8; 29.3), n = 1787), and very low values would be 
smaller than 20 (q10), while values above 29.3 (q90) would be considered very high. 

The mean values for the organic layer and 0—5 cm, respectively, were similar to 
the previously reported mean values for the forest floor and the mineral topsoil for 
the whole of Europe (Cools et al. 2014). 

C/N ratios in the organic layer were similar among humus forms (Table 5.1); in 
this layer mull and mull-like moder are factually represented by merely the O;-layer, 
such that C/N ratios are strongly influenced by the C/N ratios of fresh litter. In layer 
0-5 cm, where the different velocities of decomposition and the bioturbation play a 
role, C/N ratios varied between 16.5 for mull and 26.6 for mor. 

As will be discussed in Sect. 5.3, the main determinant for the pattern of C/N 
ratios in Germany is the occurrence of tree species, with pine as the species with 
highest C/N ratios and all other coniferous forest trees on the second rank (compare 
Sect. 5.3 and Cools et al. 2014). On the level of forest growth regions, there is also an 
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Table 5.1 C/N ratios of humus forms in the organic layer and 0-5 cm depth of the mineral soil 


Mull Mull-like moder | Moder Mor-like moder | Mor 
Organic layer |25.7 +02 |24.2 + 0.2 24.7 + 0.2 |25.5 + 0.3 26.7 + 0.4 
0-5 cm 16.5 + 0.1 |19.4 + 0.3 21.9910. |24.3 + 0.4 26.6 + 0.7 


The humus form-specific definition of reference horizons (AK Standortskartierung 2016) requires 
to use the bold numbers for a comparison between humus forms 


influence of land use proportions: The average C/N ratios (0-5 cm) of NFSI plots are 
significantly lower in growth regions with more than 50% agricultural land use, 
compared to growth regions with less than 50% agricultural area (p < 0.001). 
Geographically (Fig. 5.5), the highest C/N ratios in the uppermost 5 cm of the 
mineral soil of forests occurred mainly in the pine-dominated North-German Low- 
land. Coniferous tree species are also the determining factor for high C/N ratios in 
Thuringian Forest, Palatinate Forest, and Erzgebirge, as well as Northern Bavaria, 
while the lowest C/N ratios are mainly found in beech-dominated landscapes like the 
Rhenish Slate Mountains and in regions with soils from carbonate bedrock, such as 
the Swabian-Franconian Alb and the foothills of the Alps. 


5.2.5 Comparison to C/N Ratios of NFSI I 


For C/N ratios, comparisons to NFSI I are more adequate for organic layer—5 cm 
than for the both sub-layers separately, since humus forms with their different 
reference horizons may have changed between NFSI I and NFSI II. The C/N ratios 
were on average lower in NFSI I (22.4, n = 1155) than those from NFSI II (24.0). 
Also, the few organic soils not included in the paired sample had lower C/N ratios in 
NFSI I (16.6, n = 9) than in NFSIII (19.2). Considering that N stocks in the organic 
layer down to 5 cm of the mineral soil increased between NFSI I and NFSI II, the 
results show that the accumulation of N in this layer was accompanied by an even 
stronger and disproportionately high accumulation of C that led to a marked increase 
of C/N ratios. The resulting change rate of C/N ratios was +0.09 year !. While an 
increase of C/N ratios would generally fit to the decrease of N deposition or an 
increase of nitrogen uptake by the growing stand, some studies indicate that N 
deposition as a growth-triggering condition contributes to the variability of C stocks 
in organic and mineral soil layers of forests—in combination with other growth 
conditions, e.g. climatic factors (Bedison and Johnson 2009). Nitrogen stocks have 
already been proposed as an indicator for the C sequestration potential of soils 
(Vesterdal et al. 2008). A time shift between N deposition and the subsequently 
increased C input to the soil could well explain the observed increase of C/N 
ratios during a phase of decreasing N-deposition rates (Fig. 5.1). 
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Fig. 5.5 C/N ratio in the upper 5 cm of the mineral soil during NFSI II (n — 1850) 


5.3 Impact Factors 
5.3.1 Forest Type 


The different amounts and qualities of litter from the stand forming tree species have 
a strong influence on C/N ratios and N stocks not only of the organic layer. Due to 
the preferred use of certain tree species for certain soil substrates, the effect of tree 
species may not fully be disentangled from the one of soil substrates. 
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Fig. 5.6 C/N ratios of the forest types beech-dominated broadleaved forest (B), oak-dominated 
broadleaved forest (O), spruce-dominated coniferous forest (S), pine-dominated coniferous forest 
(P), other broadleaved forest (oB), mixed coniferous and broadleaved forest (M), and other 
coniferous forest (oC) in the organic layer (a) and in 0-5 cm of the mineral soil (b). Sample sizes 
are given at the horizontal axis. The other broadleaved forests are mainly forests with high 
proportions (>70%) of specialty hardwood trees like ash and sycamore but also hornbeam, alder, 
and birch. Other coniferous forests predominantly comprise silver fir, Douglas fir, and larch forests. 
The mixed forests are typically mixtures of beech with spruce, pine, larch, and silver fir or forest 
stands with pine or spruce and high proportions of birch or oak 


Stands dominated by pine had with 27.6 and 25.3, respectively, the highest 
organic layer and 0-5 cm C/N ratios of all forest types (Fig. 5.6). This rank is 
occupied by pine in all individual soil substrate groups. High C/N ratios generally 
indicate both: poor decomposability in the initial stage of decomposition, where 
mainly cellulose is degraded, and good decomposability in the later stages, where 
lignified litter components are degraded over much longer time intervals and 
where the presence of too high amounts of N would hamper decomposition through 
the suppression of lignolytic enzyme production and the creation of recalcitrant 
compounds (Berg 2014). Corresponding to both, N stocks of pine (Fig. 5.7) were the 
highest of all forest types in the organic layer (1.14 + 0.03 t ha '), where the initial 
stage of decomposition takes place, while they were lowest for organic layer—60 cm 
(4.47 + 0.12 t ha), where the decomposition of lignin is included, which agrees 
well with the decomposition model of Berg (2014). On the other end of the scale, the 
lowest C/N ratio (which means highest initial, but lowest total decomposability) in 
the organic layer or in 0—5 cm of the mineral soil (C/N — 24 or 15.8, respectively) is 
found under the canopy of broadleaved forests that are not dominated by beech or 
oak, and this rank is also valid across soil substrate groups. Accordingly, the organic 
layer N stocks of broadleaved forests are very low (0.4 + 0.03 t ha‘), while they 
have the highest N stocks of all forest types in organic layer—60 cm 
(8.82 + 0.37 t ha^). 
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Fig. 5.7 Nitrogen stocks of the different forest types (see caption of Fig. 5.6) in the organic layer 
(a), in 0-10 cm of the mineral soil (b), and in the soil profile from organic layer to 60 cm of the 
mineral soil (c). Significant differences are indicated by minor case letters and sample sizes at the 
horizontal axis 


Beech and oak stands were similar to the other broadleaved forests in terms of 
relatively low C/N ratios and lowest N stocks in the organic layer, whereof the latter 
is confirmed across soil substrate groups. Their N stocks in organic layer—60 cm 
were intermediate, comparable to those of other forest types (mixed forests, other 
coniferous forests). 

The C/N ratios of spruce stands were the second highest of all forest types and 
similar to those of pine stands. The low initial decomposability of their litter agrees 
well with the rank as the second highest of all N stocks in the organic layer. 
Complying with Berg (2014), N stocks of spruce stands in organic layer—60 cm 
were higher than those of pine, but they were even higher than those of beech and 
oak stands. The effect of tree species-specific litter quality may be less clear in this 
case due to other factors like the permanently high leaf area index of spruce stands 
and, consequently, reduced exposition of their soils to sun, rain, snow, wind, and 
temperature changes. Spruce litter is also better protected by its acidity against 
decomposition. The higher productivity of spruce compared to pine is generally 
due to the selection of sites with better nutrient and water availability. 


5.3.2 Parent Material and Soil Acidity 


Soil parent material mainly affects N stocks through its influence on soil acidity: 
Soils from weathered carbonate bedrock or from basic-intermediate bedrock provide 
the least acidic conditions for nutrient uptake, decomposition by microbes, and 
redistribution of organic material by bioturbation. They have the lowest C/N ratio 
(16.3 or 17.7, respectively) in 0—5 cm of the mineral soil (Fig. 5.8). As an effect of a 


5 Nitrogen Status and Dynamics in German Forest Soils 135 


a) b) 
50 4 
8 404 
g oe 
$ 304 7 T : 
gigg : . ° 
204 b " g B 
104 E u 
387 62 232 147 115 749 22 29 391 63 239 158 127 755 24 38 
T T T T I T T 


12345678 #12 34 56 7 8 
Parent material 


Fig. 5.8 C/N ratios of the different soil substrate groups in organic layer (a) and 0—5 cm depth of 
the mineral soil (b). (1) Soils from base-poor unconsolidated sediments, (2) soils of alluvial plains, 
(3) loamy soils of the lowlands, (4) soils from weathered carbonate bedrock, (5) soils from basic- 
intermediate bedrock, (6) soils from base-poor consolidated bedrock, (7) soils of the Alps, 
(8) organic soils from peatland. Sample sizes are given at the horizontal axis 
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Fig. 5.9 Nitrogen stocks of the eight soil substrate groups (compare caption of Fig. 4.8) in the 
organic layer (a), 0-10 cm of the mineral soil (b), and the soil profile from organic layer to 60 cm of 
the mineral soil (c). Sample sizes are given at the horizontal axis 


soil property, the C/N ratio differences between soil substrates are more pronounced 
in the uppermost part of the mineral soil than in the organic layer. In accordance with 
the effect of C/N ratios postulated by Berg (2014), both parent material groups have 
significantly lower N stocks (Fig. 5.9) in the organic layer than all other parent 
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material groups and the highest N stocks in 0-10 cm of the mineral soil (2.64 t ha^! 
and 2.17 t ha !, respectively) and in the soil profile from organic layer to 60 cm 
(7.51 tha! and 6.71 t ha^, respectively). 

Additional features that protect organic material in the mineral soil from decom- 
position are relevant in the three smaller substrate groups: Organic soils from 
peatland (15.7 t ha! in organic layer—60 cm, n = 38) and the partly submerged 
soils of alluvial plains (7.35 t ha, n = 63) provide anaerobic zones through the 
influence of water and may be supplied with organic material from moving water, 
while soils from the Alps (10.97 t ha^!, n = 27) may provide organic matter 
protecting enclosures between rocks (compare Sabatini et al. 2015). Organic soils 
from peatland are the parent material group with the highest variability in N stocks 
but also the highest average N stocks in all layers. This is due to the fact that the most 
diverse peatland types like fens and bogs are summarized in one material group. 

Apart from organic soils, soils from base-poor consolidated bedrock or base-poor 
unconsolidated sediments have the highest C/N ratios in 0—5 cm of the mineral soil 
and also the highest N stocks in the organic layer. Consistent with highest C/N ratios, 
their total N stocks in organic layer—60 cm are lower than in all other parent 
material groups (4.77 and 5.67 t ha ', respectively). 

Soil acidity may also be influenced by liming, which is only a relevant manage- 
ment option on acid-sensitive plots (see Chap. 4), and only this subsample of plots is 
considered in the liming evaluation. Liming did show no direct effect on C/N ratios 
in NFSIII. But similar to the pattern observed in soils from carbonate bedrock, limed 
plots showed a decrease of N stocks between NFSI I and NFSI II in the organic layer 
(—7.8 kg ha! year ! + 2.4), but an increase of N stocks by +11.8 kg ha ! year! + 42 
in the upper mineral soil (0—30 cm). The not limed plots of the acid-sensitive 
subsample showed instead more or less constant N stocks in the organic layer 
(—0.7 kg ha’! year! + 3.2) and a decrease of —11.6 kg ha^! year! + 4.5 in the 
upper 30 cm of the mineral soil. Both trends can be explained by the acidifying effect 
of N-deposition: Acidity inhibits (micro-)biological activity such that particulate 
organic matter accumulates in the organic layer, while the formation of mineral- 
associated organic matter and N-storage in the mineral soil is reduced, thereby 
reversing the usually opposite effect of N-addition on microbial growth and decom- 
position occurring when acidification is counteracted with liming (Averill and 
Waring 2018). Supporting this explanation, a multifactorial covariance analysis 
(ANCOVA) on the factors liming, forest type, and clay content reveals that only 
the combined effect of clay content and liming had a significant influence on N 
accumulation rates in 0—30 cm of the mineral soil. This points to a potentially 
enhanced formation of N containing clay-organic matter complexes in limed soil, 
which contributes to the recalcitrant fraction of N compounds (Preston et al. 2009) in 
the mineral soil. Soil biological activity is vulnerable to acidification: Earthworm 
activity generally increases under the changed chemical conditions in limed soils 
(Homan et al. 2016), and also microbial activity increases with increases of soil pH 
(Anderson and Domsch 1993). 


5 Nitrogen Status and Dynamics in German Forest Soils 137 


Fig. 5.10 Nitrogen stocks 4.5 4 
in the organic layer and En EE 
upper 10 cm of the mineral 4.0 - _ 
soil for different annual = 354 T 
mean temperature classes g lel e 
= 307 + 
+ 
2 ee FIr 
S un I 
a7 2.0 4 th, 
= 454 B 
1.0 4 
0.5 4 
T T T T T T T 
MC. E oR (OOS 
V O c Roc a * 


Temperature classes [°C] 
5.3.3 Annual Mean Temperature 


Low temperatures are an additional condition that may slow down the process of 
decomposition of soil organic matter. Concordantly, N stocks in the organic layer 
and the upper mineral soil up to 10 cm are highest on the plots with the lowest annual 
mean temperatures (Fig. 5.10) and increase stepwise to the higher temperature 
classes. The highest temperature classes above 9 °C, however, have again somewhat 
higher N stocks than the neighbouring class, which may be due to the relevance of 
dry conditions on these plots that have a prohibitive effect on decomposition of soil 
organic matter. 


5.3.4 Agricultural Land Use 


The influence of the regional distribution of agricultural land use was identified 
based on CORINE land cover data for the forest growth districts in Germany (Gauer 
and Kroiher 2012). The NHx/NOy ratio of total N deposition generally increases 
with the proportion of agricultural land use in growth districts (7% = 0.42, p < 0.05), 
but total N deposition to forests in the same district is not generally increased (here 
meteorological conditions like precipitation, wind speed, and fog rate are also 
important factors). However, dividing the German forest growth districts into classes 
of agricultural land use reveals that C/N ratios in 0—5 cm of the mineral soil are lower 
in growth districts with high or very high proportion of agricultural area, while they 
are highest in districts with less agriculture (Fig. 5.11a). This apparent effect of 
agricultural land use is directly due to higher N stocks in 0—5 cm of the mineral soil. 
In accordance with this finding, also N stocks in agricultural districts are higher than 
in those with less agriculture (Fig. 5.11b). 
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Fig. 5.11 Average C/N ratio in 0-5 cm of the mineral soil (a) and average N stocks in layer 
Org-60 cm (b) of NFSI plots in forest growth districts with variable proportion of agricultural land 
use (percentages) 


As a summary, forest type, parent material, soil acidity, annual mean temperature, 
and agricultural land use all contribute to the variability of N stocks (Fig. 5.3) and 
C/N ratios (Fig. 5.5) of German forests and may explain much of the geographical 
pattern observed. From these factors, parent material and annual mean temperature 
are naturally given factors that have affected stand and soil condition for centuries, 
while forest type, soil acidification and agricultural land use are comparatively 
younger and mainly man-made factors with a shorter, but apparently long enough 
impact period to affect the N status of forest soils. In the case of agricultural land use, 
it is probable that the duration of the impact period is linked to N emissions from 
agriculture that started with the production of N containing mineral fertilizer since 
about 1910 and the increased imports of forage for more intensive livestock pro- 
duction. Due to multiple interactions in the processes leading to N accumulation or 
release, the relative contribution of these and other factors may not directly be 
derived and will need a more complete multivariate model where also other variables 
(e.g. local exposition, soil wetness, soil texture, podzolation, rooting depth, forest 
growth, and harvest practice) are expected to play a role. 


5.4 Nitrogen Stock Changes 


The result of N stock changes over more than a decade is visible in the N stock 
difference between NFSI I and NFSI II as differential measurement of a state 
variable at two points in time (Sect. 5.4.1). Apart from NFSI plots, an N stock 
difference was similarly also detected on IFM plots (Sect. 5.4.2). Due to the 
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Table 5.2 Main results of status and trends of nitrogen stocks in the different soil layers 


Complete sample Paired sample 

Status (kg ha^!) Trend (kg ha! year ') 

Median IQR n Median IQR n 
Org. layer 671 {239; 1222} 1794 —2.4 {—21.0; +20.0} 1213 
0-5 cm 1087 {756; 1425} 1846 +6.5 {—10.0; +23.2} 1281 
5-10 cm 644 {421; 962} 1846 42.0 (77.1; +11.8} 1282 
10-30 cm 1559 (979; 2364} 1832 —3.5 {—22.0; 418.7) 1271 
0-30 cm 3280 (2333; 4721) 1827 +7.1 (—34.1; +52.9} 1265 
30-60 cm 1302 {702; 1981} 1811 —14.6 (—39.9; +6.2} 1239 
Org.—5 cm 1810 (1430; 2367) 1784 45.3 (—26.3; 435.3) 1205 
Org.—30 cm 4100 (3096; 5479} 1767 46.2 (—44.6; 453.6) 1191 
Org.—60 cm 5430 (3970; 7387) 1740 —8.2 {—74.0; +48.7} 1152 


integration over several years, this approach does not directly investigate the actually 
occurring change rates on specific plots. It may, however, indicate the average 
annual change rate as a trend that would explain the difference between both points 
in time, thereby integrating over change rate variability between years as well as 
seasonal and spatial variability of the processes contributing to the observed differ- 
ence. A more directed approach investigating the processes leading to N stock 
changes is provided by N balance estimations, describing the flow of nitrogen in 
and out of an ecosystem with sub-models based on the known course of meteoro- 
logical variables between NFSI I and NFSI II (Sect. 5.4.3). 


5.4.1 Nitrogen Stock Difference on NFSI Plots 


Actual status (Sect. 5.2) and trend of N stocks between both NFSIs rely on different 
sampling approaches: While the presented status results are always based on mea- 
surements of the complete NFSI II sample, the calculated trends may only be based 
on those plots that were investigated two times (paired sample). In the case of N, the 
paired sample lacks data from Saarland and Bavaria. Organic soils were not included 
in the paired sample. In all cases, area-weighted medians are reported for N stocks of 
NFSI instead of means due to the skewness of distributions, and trends are only 
integrated down to a depth of 60 cm due to the increased uncertainty of low 
concentration N measurements relevant in deeper layers (see Sect. 5.5.3 and 
Table 1.2). An overview of the main results is given in Table 5.2. 


Trends in Organic Layer: 5 cm 

The comparison with NFSI I values yields a non-significant trend: While N stocks in the 
organic layer showed a slight decrease relative to NFSI I values (—2.4 kg ha ! year"), 
they increased by 46.5 kg ha! year ! in the uppermost 5 cm of the mineral soil, 


leading to a total accumulation of 45.3 kg ha! year ! in organic layer—5 cm. 
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The apparent N stock accumulation between NFSI I and NFSI II in organic 
layer—5 cm tends to even higher values, when a statewise comparison of the 
complete sample of NFSI I and NFSI II is performed (weighted medians of federal 
states: 40.2 kg ha’ year! in the organic layer and +12.2 kg ha ! year ! in 0-5 cm). 
Since the measured concentrations in these layers are high, they are less affected by 
potential analytical errors, which underpins the reliability of this result. The N stock 
accumulation in the organic and uppermost soil layer coincides with the measured 
increase of N concentrations in tree leaves and needles between both points in time 
(see Chap. 9), which might indicate higher N availability for trees as well as higher 
input to the organic layer. It is questionable, however, whether this increase in leaf N 
concentrations reflects a general trend or just interannual variability (Riek et al. 
2016). It has to be considered, though, that the accumulation of dead organic matter 
on the forest floor over several years is less sensitive to such interannual variability 
and might thereby help to recognize longer-term trends in nutrient input and 
turnover. Under conditions of rising N concentrations in leaves and in the upper 
mineral soil, the apparent slight decrease of N stocks in the organic layer could be 
interpreted as a hint towards increased turnover rates of organic material (see 
Chap. 6). 


Trend in Organic Layer: 60 cm 

The median of N stock changes in organic layer—60 cm equals —8.2 kg ha! year“ 
(Table 5.2, Fig. 5.12c). The tendency given by this number for the whole country is 
mainly due to very high differences between NFSI I and NFSI II in the layer 
30-60 cm, while the other layers remained nearly unchanged or showed the opposite 
tendency (Fig. 5.12c). The tendency is regionally very diverse and may not be seen 
as typical for the whole country, since large parts of Germany show only negligible 
changes and others are not included in the paired sample. In contrast, the median for 
organic layer—30 cm was 46.2 kg ha^! year '. This contrasting trend between upper 
and lower soil compartments comes along with a slight recovery from acidification 
in the upper soil compartments, while still increasing acidity is observed in the 
subsoil (see Chap. 4), which could explain higher N losses from deeper soil layers. 


1 


5.4.2 Nitrogen Stock Difference on IFM Plots 


Alternative insight into the status and dynamics of N stocks in German forest soils 
between NFSI I and NFSI II may only be derived from Intensive Forest Monitoring 
plots (IFM plots) of the ICP Forests Level II network and additional plots operated 
according to the same methodology (UNECE ICP Forests Programme Co-ordinating 
Centre 2016), as the only available independent dataset from approximately the 
same area and within nearly the same time frame. The soil surveys conducted at 
these densely instrumented plots are combined with numerous other surveys (Fleck 
et al. 2017) and aim to provide the basis for the analysis of cause-effect relationships 
in forest ecosystems. 


5 Nitrogen Status and Dynamics in German Forest Soils 141 


a) W@W NFSII O NFSIII c) 


Org. Layer 
0-5 cm 
5-10 cm 
10-30 cm 
30-60 cm 


60-90 cm 


Org-60 cm A CED 1740 EK NN 1152 
0 5 10 15  -300 -100 0 100 300 
N stock [t ha”"] Change of N stock [kg ha ' yr`'] 


Fig. 5.12 Depth gradient of nitrogen stocks in NFSI I and NFSI II related to the total sample of 
each inventory (a) and respective sums of nitrogen stocks for the soil profile from organic layer up 
to 60 cm of the mineral soil (b). The annual change rates of nitrogen stocks (c and d) were calculated 
based on the paired sample of both inventories except peatland. The shown statistical significance of 
differences between medians (indicated as stars) does not reflect the influence of measurement 
uncertainties (see Sect. 5.5.2). Outliers are not shown 


Intensive Forest Monitoring plots are located in forest stands covering regionally 
typical combinations of soil type, tree species, climate, and pollution levels 
(e.g. deposition rates of N and S). Due to their relatively small number and irregular 
spatial arrangement (Fig. 5.13), results from IFM plots are considered indicative for 
their respective forest ecosystem types but are not suited to derive spatially repre- 
sentative results (medians reported are, thus, not area-weighted). Nevertheless, 
ranges of measured N stocks, N deposition, and calculated N leaching rates (see 
Sect. 5.4.3) from these plots yield an independent source of information for the time 
span between NFSI I and NFSI II. Only IFM plots with a maximum temporal shift of 
+5 years compared to the two NFSIs have been selected for analysis. 

The depth gradient of N stocks on the intensive monitoring sites shows a similar 
pattern compared to NFSI plots for both the first and second inventory (Fig. 5.2). In 
terms of trends, N stocks of IFM plots (Fig. 5.14) show a marked increase between 
the first and second inventory (median: 428.0 kg N ha! year !, iqr{—23.9; +79.4}, 
n — 36). The direction of this overall trend is opposite to the findings from NFSI 
plots, but the variability of all results from IFM plots is higher than on NFSI plots. 
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Fig. 5.13 Selected Intensive Forest Monitoring plots (IFM plots) with repeated soil inventories 
with a time shift of maximum 5 years relative to each of the NFSI inventories 


However, the NFSI pattern of decreasing N stocks in the organic layer and increas- 
ing N stocks in the upper layers of the mineral soil is also reflected in the results from 
IPM plots (—4.5 kg ha! year, iqr(—24.7; +8.8}, n = 37 in the organic layer and 
+43.1 kg ha? year, iqr(—6.6; 471.3), n = 47 in 0-30 cm). 

In contrast to NFSI findings, the N stocks in the lower layers of the mineral soil 
did only slightly change on IFM plots (+1.9 kg ha^! year", igr (—23.7; +40.9}, 
n = 46 in 30-60 cm and —1.2 kg N ha! year, igr (—30.9; 424.9), n = 21 in 
60—90 cm). 

Thus, while the two monitoring networks show different trends in total for 
organic layer—60 cm, they both indicate a marked difference between the increasing 


5 Nitrogen Status and Dynamics in German Forest Soils 143 


a) E 4*|ny, O 2" Inv. c) 


n= n= 
Hg — 
Org. Layer | Te HZ 37 
0-5cm > L| gr 29 Fee ES 
5-10cm | E, 28 Hi 29 
10-30 cm - — ENDE F 1 47 
30-60 cm | e EE - te i 46 
_| =en 21 ; ; 
60-90 cm E-— 24 | p i 21 
| | | | | | | | | 
0 1 2 3 4 -150 -50 0 50 100 
b) d) 
'— E e 
Org-60 cm ~ L——C£9 ——À i H b 1 36 
| | | LT 1 77 
0 5 10 15 -300 -100 0 100 300 
N stock [t ha~] Change of N stock [kg ha ' yr "] 


Fig. 5.14 Depth gradient of nitrogen stocks in the first and second inventory on the Intensive 
Forest Monitoring (IFM) plots (a) and respective sums of nitrogen stocks for the soil profile from 
the organic layer down to 60 cm of the mineral soil (b). The annual change rates of nitrogen stocks 
(c and d) were calculated based on the paired sample of both inventories. Since layers 0—5 cm and 
5-10 cm were not separately sampled on many plots, the sample size of these layers is lower than, 
e.g. of organic layer—60 cm 


trend in the soil compartments above 30 cm and the negative or constant trend in the 
layers deeper than 30 cm of the mineral soil. The relevance and interpretation of this 
finding are further discussed in Sects. 5.5 and 5.6. 


5.4.3 Nitrogen Balance Estimation 


The additional measurement of nitrate concentration from soil water extracts within 
NFSI II allows for N balance estimations as an alternative approach to derive N stock 
change rates. 

N budgets of forest ecosystems have been used to evaluate and quantify the 
effects of deposition and other impacts on forest soil dynamics (Korhonen et al. 
2013; Meesenburg et al. 2016; Palviainen et al. 2017). Under the assumption that N 
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Fig. 5.15 Evaluation of reconstructed nitrogen deposition (open circle) against values calculated 
with a canopy budget model (Ulrich 4) from deposition measurement (filled square) of three ICP 
Forests Intensive Forest Monitoring plots in Germany: Augustendorf/Lower Saxony (left), Klótze/ 
Saxony-Anhalt (centre), and Klingenthal/Saxony (right) 


fixation in most forest ecosystems is negligible (Posch et al. 2015), the calculation of 
N pool changes in the soil was simplified to: 


AS = Np — Ng — Ni — Nau (5.1) 


with change of N pools in the soil (AS) being based on Np (total N input by 
atmospheric deposition—wet + dry + occult), Ng (gaseous emission of Nz, N5O, 
and NO), N, (leaching of N below the rooting zone), and net N uptake of the 
vegetation (Nnu, the balance of N gains due to root uptake from the soil and N 
losses due to litter fall and harvest residues remaining on the floor): The assumptions 
regarding the calculation of each term of the N balance are given in the following 
sections since they are not measured but modelled values. 


5.4.3.1 Atmospheric Nitrogen Deposition 


Long-term trends of N deposition were calculated following Thiele et al. (2017) with 
the model MAKEDEP (Alveteg et al. 1998). The model was run with grid-based 
estimates for Germany for the year 2009 (Schaap et al. 2015). We reconstructed N 
deposition before 2009 using the regional trend from the EMEP database (Tarrasón 
and Nyiri 2008) and standard time series from Alveteg et al. (1998) as published in 
Ahrends et al. (2010), Fleck et al. (2017), and Hauck et al. (2012). Reconstructed 
deposition was evaluated with measurements from Level II plots (Fig. 5.15). 


5.4.3.2 Gaseous Nitrogen Emissions 


The gaseous emissions Ng were considered as linearly related to net N input 
(de Vries et al. 1994): 
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Ne= wa if Np » Nau tM (5.2) 

0 else 
with Nnu for net removal of N in harvested trees, N; for long-term net immobilization 
of N in soil organic matter, and fg for the site-specific emission fraction (0 < fg < 1). 
Ng is thus considered a second-order process after immobilization and uptake needs 
are fulfilled. fg as a fraction based on soil drainage (Reinds et al. 2001) was 
approximated using clay content (C) (Ahrends et al. 2010; Murray et al. 2017) in 
an exponential function between the minimum for sandy soil (0.05; C — 096) and the 
maximum for clay soils (0.7; C — 4596) (Rihm and Achermann 2016). 


fy = 0.0501 - 90581: € (5.3) 


This approximation gets very close to published texture-specific classes (Park and 
Shim 2001; Reinds and De Vries 2010; Nagel and Gregor 1999). The basic function 
was supplemented by rules taking into account peat soils (fg — 0.8; Rihm and 
Achermann 2016), depth to groundwater level, and stagnic soil conditions. N; was 
quantified after Nagel and Gregor (1999) being 1 kg ha ! year ! for most plots 
(Posch et al. 2015). 


5.4.3.3 Nitrogen Leaching 


Nitrogen leaching rates were estimated by multiplying the amount of annual seepage 
water with the mean nitrate concentration of the lowest soil layer. Plot-specific soil 
water fluxes were estimated with the physically based hydrological model LWF- 
BROOK90 (Version 3.4, Hammel and Kennel 2001). Nitrate concentration in 
seepage water (NO3,cepage) was estimated from soil water extracts, assuming that 
leaching of ammonium (NH4*) can be neglected in forest ecosystems due to its 
preferential uptake and complete nitrification within the root zone (Posch et al. 
2015). Several authors confirm the possibility to empirically derive NO3seepage 
from soil water extracts, using regression approaches (Schlotter et al. 2012; 
Kohlpaintner et al. 2012; Evers et al. 2002; Ludwig et al. 1999). The applied 
methodologies, however, differ with respect to (1) the ratio between soil and 
water, (2) utilization of fresh or dried soil, (3) the facultative correction of nitrate 
concentrations measured in the soil water extract (NO3extract) to either the actual 
water content (m? m? ) at the time of soil sampling (0) or the calculated water 
content at field capacity (Ogc), and (4) the assumed functional relationship in the 
regression between NO3seepage and NO3extracı- In the following, we describe the 
methods used to derive estimates of NO3seepage for the data presented here. 

The method applied during NFSI II to measure NO3extract is to mix one mass part 
of dry soil with two mass parts of deionized water. The suspension is left for 24 h at 
room temperature and stirred frequently. After filtration NO3extract is analysed 
(GAFA 2009). 
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Table 5.3 Linear regression between NO3seepage (mmol, T!) and NO3extract (mmol, I", corrected 
to water content at field capacity @gc or to actual water content ©) 


Corr. Intercept Slope R adj. R? RMSE AIC 

None —0.03495 3.802*** 0.388 0.381 0.1208 —125.93 
Orc —0.03937* 0.5785*** 0.491 0.486 0.1074 — 146.69 
[S] —0.05500** 0.4271 *** 0.512 0.507 0.0943 —167.37 


Significances are coded as *p < 0.05, **p < 0.01, ***p < 0.001 


Table 5.4 Generalized additive regression between NO3scepage and NO3extract including further 
soil parameters with NO3extract corrected to Orc or © (Corr.) 


S(NOBextract)*** s(G)* s(SD*** 


Intercept*** 


Orc 0.747 0.726 89 0.0606 —228.58 
Intercept*** S(NO3extract-orc)* ** s(S)*** s(SD*** s(C)** 
© 0.727 0.708 90 0.0663 —217.63 
S(NO3extract-o)*** s(G)** s(SI*** 


Significance of model variables (*p < 0.05, **p < 0.01, ***p < 0.001) is given in the second line 
for each model 

NO extracts Nitrate concentration in soil water extract [mmol. I]; G, gravel content [% mass]; S, 
SI, C, sand, silt, clay content in fine earth [% mass] 


The statistical model used is based on water extracts from soil samples and direct 
measurements of NO3.cepage in tight spatial and temporal proximity. The data was 
taken from Evers et al. (2002) comprising 10 plots from five federal states with 
4 investigation points each and from 21 plots with 5 investigation points in Bavaria 
(Lutz 2015). Due to an elimination of extreme values, problems with seepage water 
sampling in dry soils, and lack of data, a total of 95 (85 with additional soil 
properties) pairs of values was available for statistical modelling. The linear regres- 
sion between NO3extract and NO3 seepage yielded R? values between 0.39 and 0.51 
(Table 5.3). Best results were obtained when NO3extract was corrected to ©, closely 
followed by the correction to Orc, where field capacity was estimated from soil 
texture according to Ad-HocAG. Boden (2005). Model performance was enhanced 
by the consideration of additional soil properties. Significant impacts of soil bulk 
density, gravel content, and the content of sand, silt, and clay in the fine earth were 
identified using generalized additive models (GAM) (Table 5.4). 

The best performing GAM (Corr. Orc) was selected and replaced by a multilinear 
function to facilitate calculation (Equation 5.4), including the variables in their linear 
or quadratic form only in the case of significance (p « 0.001) and forcing the results 
through zero if negative: 
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Table 5.5 Statistical properties of model building and validation for nitrate concentrations in 
seepage water as calculated with Eq. (5.4) 


n R RMSE Mean measured Mean modelled RMSE ~ mean 
Model building 85 0.722 0.0647 0.0698 0.0698 0.9272 
Validation 85 0.219 0.1277 0.0933 0.0906 1.3681 
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Fig. 5.16 Dispersion of measured values taken for model building (filled square) and for validation 
(open circle) around the 1:1-line in the relationships between NO3extract and NO3 seepage (left), 
modelled (Eq. 5.4) and measured NO3,eepage (centre), and modelled and measured NO3 scepage in 
logarithmic display (right), NO3extract and NO3 seepage in mmol, r! 


a*NO32, 4. HbS He -d«SP-FexC? 4f 


&* NOBextract if NO3 seepage <0 


NO 3 seepage = { (5.4) 


with NO3extract for nitrate concentration in soil water extract corrected to water 
content at field capacity [mmol. ry and variables S, SI, and C for sand, silt, and 
clay content in fine earth [% mass]. The coefficients are a = 0.5911, b = 0.03252, 
c = —0.0001516, d = 0.000366, e = 0.000317, f — —1.702, and g = 0.3144. 

The resulting model was applied to a set of validation data from Level II plots in 
Germany and two smaller studies in Baden Wiirttemberg and Bavaria. As expected, 
due to the high spatial and temporal variability of nitrate concentrations in soil 
solution, the 85 pairs of values could not compete with the dataset used for model 
building. As a consequence the quality of statistical properties for validation was low 
(Table 5.5). However, the modelled values corresponded well to measurements with 
respect to magnitude and value distribution, especially if compared to the direct 
relationship between NO extract and NO3 seepage (Fig. 5.16). This correspondence was 
even preserved in double logarithmic display applied due to low nitrate concentra- 
tions in a large part of the seepage water samples. 


5.4.3.4 Net Nitrogen Uptake for Different Harvest Scenarios 


For managed forest, the long-term average net N uptake of vegetation (NnU) is equal 
to the amount of N exported with harvested tree compartments and can be calculated 
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by multiplying the average annual growth rate of the respective compartments with 
their element concentrations (Posch et al. 2015): 


Nnu = Ror, sv "Psy ctN sv RE Kor, ba ` Pha ` ctN ba gs Kor, br “Por ' ctN br (5.5) 


with kgr for the average annual growth rate (m? ha^! year"), p for density (kg m^), 
and ctN (kg kg for N concentration in the compartments solid volume under bark, 
bark, and branches (subscripts sv, ba, and br, respectively). Dependent on the 
harvesting practice, the contribution of branches has to be included (whole-tree 
harvest) or not (stem only). Forest growth for each NFSI plot was estimated from 
a forest inventory in 2011—2012 using yield tables (Schober 1995) for the recon- 
struction up to 1990. Correction factors were applied to consider the higher growth 
rates due to environmental factors and mixed forests (Pretzsch 2016). The results 
were evaluated with growth data from the Third National Forest Inventory (BMEL 
2016) for about 50,000 plots in Germany (Fig. 5.17). 

The parameters for the biomass expansion factors, the density of the compart- 
ments, and the nitrogen concentration in biomass were taken from Ahner et al. 
(2013) and Jacobsen et al. (2002). As there is a great uncertainty regarding 
harvesting practice on NFSI plots and the representativeness of the long-term 
average for the shorter timescales relevant between NFSI I and II, we calculated N 
exports for both whole-tree and stem-only harvest, to consider and represent the high 
uncertainty in uptake estimations. It should be noted that tree stumps as harvest 
residues (Pretzsch 2009) were not included so that net N uptake of the vegetation 
may be slightly overestimated. As an approximation for realistic harvest exports, we 
used the averages between the two variants in the N balance. 
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Fig. 5.18 Composition and fluxes from the nitrogen balance for forest ecosystems at German NFSI 
plots. D, deposition; E, emission; L, leaching; U, net uptake of the vegetation; B, balance; min, 
minimum harvest scenario (solid volume over bark); and max, maximum harvest scenario (whole 
tree harvesting without leaves and needles) 


5.4.3.5 Discussion of Estimated Balances 


Figure 5.18 shows the nitrogen balance and the different components for the NFSI 
plots in Germany. The balance was calculated for three different harvesting practice 
scenarios: stem only (Bin); whole tree without needles and leaves (B,,,,), and the 
average of both (B). 

Between 1990 and 2007, the average annual N input for the NFSI plots by 
atmospheric deposition ranged from 10.6 to 40.7 kg ha'! year! (median 
19.7 kg ha ! year !), which is in good accordance to measured deposition rates for 
57 Level II plots in Germany (Borken and Matzner 2004). The generally decreasing 
trend for nitrogen deposition during the investigated period (Fig. 5.1) is supported by 
other investigations (Waldner et al. 2014). One should note that the accurate 
quantification of total nitrogen deposition, especially for dry deposition, for forest 
ecosystems is very difficult and uncertain, because of the lack of measurements, 
species variability, and the different deposition processes and fluxes that need to be 
simplified on a landscape scale (compare Harrison et al. (2000)). Simpson et al. 
(2011) estimated an error of 30% for the different regional models and methods in 
Europe. The choice of a certain deposition method depends on the purpose of the 
study and the availability of throughfall measurements. Because the latter are not 
available for NFSI plots, we used the state-of-the-art modelling approach for critical 
load calculations in Germany (see also Schaap et al. 2017) in combination with a 
reconstruction procedure. The evaluation of the estimated trend in the calculated 
deposition data was done by throughfall measurement in combination with a canopy 
budget model. 
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The quantified gaseous N flux to the atmosphere ranged between 0 and 
16.8 kg ha ! year ! (median 1.4 kg ha ! year"). The results are in good agreement 
with the range (0.2-2 kg ha! year ' NO-N) given by Molina-Herrera et al. (2017). 
Upper values are mostly found for groundwater-affected plots or clear-cut stands 
(Dutch and Ineson 1990; Gundersen 1991; Tietema et al. 1991). For upland forest 
soils, typical rates are between 1 and 3 kg ha ! year ! (Dutch and Ineson 1990). 

Sixty-one percent of all NFSI plots leached less than 5 kg ha ! year’ N with 
seepage water. The resulting median of 2.6 kg ha! year ! matches with an earlier 
study covering 57 Level II plots in Germany (Borken and Matzner 2004). There, the 
leaching rates ranged between 0 and 26.5 kg ha^! year ! (median 1.4 kg ha^! year"). 
About 71% of all plots released less than 5 kg ha^! year". Additional more recently 
evaluated data of the federal forest authorities using published reports on IFM plots 
(Barth et al. 2016; FAWF n.d.; Hammel and Kennel 2001; Hannemann et al. 2016; 
Karl et al. 2012; Klinck et al. 2012; Morgenstern 2015; Russ et al. 2017; Steinert and 
Feger 2010) confirm this range and median. Mellert et al. (2005) classified nitrate 
leaching rates for Bavarian forests with 66% showing values of 0-5 kg ha ! year !, 
20% of 5-15 kg ha! year !, and 14% higher than 15 kg ha’! year". In comparison, 
our estimates for Bavaria were 79.396 (0—5 kg ha! year"), 15.4% (5-15 kg N ha ! year"), 
and 5.3% (>15 kg ha’ year’). Kiese et al. (2011) estimated the nitrate leaching 
from German forest ecosystems by coupling Forest-DNDC to a GIS. Their results 
varied between 0 and 85 kg NO3-N ha! year! with an area-averaged mean of 
5.5 kg ha^! year !. The higher N output is probably explained by the higher deposi- 
tion rates used as input for the DNDC model based on values from Gauger et al. 
(2002) where problems with the nitrogen mass balance occurred in the applied 
version of the LOTOS-EUROS deposition model (Schaap et al. 2015). 

The medians of net N uptake were between 6.6 kg ha! year! (scenario stem 
only) and 11.9 kg ha^! year ! (scenario whole tree without needles/leaves). Aver- 
aging both scenarios resulted in 8.7 kg ha" year ! and thus on a similar scale as in 
other studies (Ahner et al. 2013; Korhonen et al. 2013; Meesenburg et al. 2005; 
Nagel and Gregor 1999; Rademacher et al. 2009). 

Because of the high atmospheric N input, the median of the N balance was always 
positive for all harvest scenarios (B: 47.0 kg ha^! year !, B: +4.8 kg ha! year, 
Bmax: 42.9 kg ha^! year"). Figure 5.19 shows the geographical distribution of the 
nitrogen balance for NFSI plots in Germany. Positive N balances are mainly found in 
the Bavarian Danube Plain, Upper Palatinate and Upper Franconia, the Ore Moun- 
tains, and nearly the whole North-German Lowland except Schleswig-Holstein. An 
accumulation of negative N balances is visible in the Black Forest and nearby 
mountain ranges, the Rhenish Slate Mountains, lower mountain ranges of North- 
Hesse, the Saarland, and Schleswig-Holstein. 

In many regions, N stock decreases of the differential measurement approach are 
confirmed by the balance approach, and the federal statewise geographical distribu- 
tion of change rates from differential N stock measurements on NFSI plots is rank 
correlated to the calculated balances (Spearman's Rho — 0.8, n — 13, p « 0.005). A 
plotwise comparison of modelled (balances) and measured (N stock difference) 
changes in N stocks showed lower rank correlation (Spearman's Rho — 0.21, 
n = 979, p < 10719), 
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Fig. 5.19 Spatial distribution of nitrogen balances of the NFSI plots in Germany in kg ha^! year! 
(period 1990-2007) 


5.5 Discussion of Methods 


Nitrogen measurements are a special case in NFSI, since their repeatability in ring 
tests was much lower than for most other parameters, especially when concentrations 
were low (compare Table 1.2). It is the goal of this discussion to better understand 
the sources of uncertainty for these data and to highlight their special properties in 
order to improve the conclusions that can be drawn on their basis. 
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5.5.1 Spatial Variability 


Nitrogen stock is one of the parameters with highest small-scale spatial variability. 
Next to the distribution of fine roots and earthworm activity (Meier and Leuschner 
2010; Andriuzzi et al. 2016), the spatial variability of litterfall, parent material, pH, 
and microclimate (Sabatini et al. 2015), the distribution of stagnant conditions on the 
plot (Bekele et al. 2013), and the presence of N fixing bacteria in the root system of a 
few tree species (Rodriguez et al. 2011) were identified as causes for this variability. 
Mellert et al. (2008) systematically investigated the variability of NFSI soil param- 
eters on 33 Bavarian plots along a sampling grid of 3 m distance and discovered the 
least spatial autocorrelation in N stocks, while other parameters like pH or C/N ratio 
showed lower spatial variability on small scales. While Kirwan et al. (2005) recom- 
mend to sample N at least at 36 locations per plot, Mellert et al. (2008) require total N 
stock changes of 3796 or more as precondition for a proof of N stock changes 
between NFSI I and NFSI II. This degree of change was by far not reached in the 
presented trend results. 

The representativeness of the soil subsamples (see Sect. 1.17.3) put into analysis 
from the bulk samples is very important under high small-scaled variability, since 
also the bulk samples could be more spatially variable in this parameter than in 
others. This is especially valid for NFSI I, where only 0.01—0.07 g of soil material 
were used in C/N analysers to derive N concentration of the whole sample, while the 
newer devices during NFSI II could analyse 1 or 2 g at once. 


5.5.2 Uncertainty from Analytical Errors 


In the following, we compile the magnitude of potential errors in laboratory analyses 
in order to estimate the uncertainty of N stocks as the sum of uncertainties of the 
quantities participating in N stock calculation (JCGM 2008). Since N stocks are 
calculated as the product of N concentration and fine-earth stock, the uncertainty 
(Var) of both measurands was estimated as (IPCC 2013): 


Var (measurand) = Var (repeatability) + Var(all means) (5.6) 


The uncertainty of bulk density estimates was not considered separately since 
they are included in the observed uncertainty of fine-earth stocks. Uncertainty of 
depth delineations and the partial derivatives of quantities measured to each other 
were assumed to be negligible in a first approximation. 

For chemical analysis of N concentration, Var (repeatability) was estimated from 
the pooled intra-laboratory standard deviation of N analyses within the labs (ring-test 
results, compare Sect. 1.8), and Var (all means) was based on the inter-laboratory 
standard deviation. 
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The uncertainty of N concentrations of the NFSI I ring tests (Kónig and Wolff 
1993) summed to 0.033 mg g' or 12% of sample means. For NFSI II, the inter- 
laboratory ring tests (König et al. 2013) revealed an uncertainty of 0.027 mg g`, 
equaling ca. 4% of the sample means. 

Var (fine-earth stock) was estimated based on Grüneberg et al. (2014). In their 
study, data from NFSI plots was used where fine-earth stocks were measured during 
both inventories. The fine-earth stock of NFSI I was on average 193 + 35 t ha! 
higher than that of NFSI II. It was assumed that fine-earth stocks are constant 
between both inventories. Therefore the mean deviation plus the deviation (standard 
error) of the fine-earth stocks represents a certain degree of measurement inaccuracy 
of fine-earth stocks. This uncertainty amounted to 846 of the fine-earth stocks. 

The reported relative uncertainties (percentage values) were used to calculate the 
uncertainties of the fine-earth stocks of each depth layer. The variance of the annual 
N stock changes was then summed up with inaccuracies of the measurement 
technique to obtain an estimate of the total uncertainty. The comparison of observed 
N stock differences in each layer with the total uncertainty of each layer resulted in 
all cases to non-significance, such that the observed N stock changes from differen- 
tial measurements on NFSI plots must be considered scientifically non-significant 
tendencies, though statistical significance was shown (compare Wasserstein and 
Lazar 2016; Lemoine et al. 2016). 


5.5.3 Treatment of Very Low Concentrations 


Apart from the relative uncertainties given as percentages, absolute uncertainties 
were taken into account when judging the accuracy of N concentrations in the lowest 
soil layer (interquartile range 0.2-0.5 mg g"', 60-90 cm). As the given limits of 
quantification for the different devices used during NFSI I were in a range up to 
0.24 mg g^ the 44% of measured values which were below or equal to this 
threshold were considered potentially inaccurate, especially with regard to the fact 
that potential measurement errors would always occur in positive direction under 
these circumstances, since negative values are not possible. The whole layer was 
excluded from trend calculation since the potential influence of measurement errors 
on the calculated stock differences was not negligible due to high fine-earth stocks 
(interquartile range 2-4.5 Gg ha !) that could easily lead to distortions when 
calculating stock differences. 

The relevance of such a distortion is difficult to verify in the final dataset of 
calculated N stocks; however, there was a noticeable high proportion of exceptionally 
high N stocks observed especially in the data from deeper layers of NFSI I, which is 
reflected in the very high coefficients of skewness for these datasets (Table 5.6). 
While the high levels of N deposition preceding and during the NFSI I period might 
have caused elevated N concentrations also in deeper layers, such high coefficients of 
skewness have neither been observed in NFSI II nor in the inventories on IFM plots at 
both points in time. Coefficients of skewness were also regionally very diverse. 
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Table 5.6 Coefficients of skewness for each distribution of nitrogen stocks (t ha^!) in the different 
layers, determined for NFSI I, NFSI IL, and the first and second inventory of Intensive Forest 
Monitoring plots 


Coefficient of skewness NFSII NFSI II IFM Ist IFM 2nd 
Organic layer 1.9 23 1.3 0.9 
0-5 cm 2.4 1.1 0.5 0.0 
5-10 cm 3.7 1.6 2.2 1.6 
10-30 cm 8.5 21 1.4 1.8 
30-60 cm 28.1 2.9 1.1 1.2 
60-90 cm 28.3 6.4 0.8 2.2 
OrgL—30 cm 6.6 1.6 1.2 1.0 
OrgL—60 cm 20.0 1.7 0.7 1.0 


The numerous exceptionally high N stocks from deeper layers of NFSII are the 
main cause for a number of plots with extreme changes in N stocks. As usual in other 
long-term investigations (Johnson et al. 2007; Kiser et al. 2009), some of these 
stored samples were subsampled with a sample divider and reanalysed with a C/N 
analyser in 2017. First analyses show that a part of the high N concentrations from 
NFSI I may be reproduced; however, it is unclear to what extent the re-analyses are 
influenced by storage conditions. 

In NFSI I, also the layer 30-60 cm of the mineral soil shows a high relative 
proportion of exceptionally high N stocks (coefficient of skewness — 28.1). The 
measured N concentrations were higher than in 60—90 cm (interquartile range 
0.3-0.9 mg g^!) and were, thus, in their majority expected to be less affected by 
the laboratory limit of quantification. However, since their influence is high in stock 
calculations (fine-earth stocks interquartile range: 2.2-4.3 Gg ha™') and also other 
error sources may have contributed to the skewed distribution, only weighted 
median values of trends derived from this layer in NFSI I are presented, thereby 
reducing the influence of very high or low absolute numbers on the results. For better 
comparability, all results of the paired and the complete sample are presented as 
weighted medians. 


5.5.4 Plot Selection Effects 


Most methodological problems complicating the evaluation of temporal changes 
between the two NFSIs equally apply for NFSI plots and IFM plots and are not likely 
to be the cause for the apparently opposite direction of the trends derived from both 
networks and from balance calculations. Of course the number of IFM plots with two 
N stock inventories is much smaller than the number of NFSI plots, such that outliers 
have the potential to affect the overall pattern of temporal changes. While NFSI plots 
are systematically selected along a spatial grid, IFM plots were selected in order to 
represent the regionally typical forest types. May sample size and plot selection be 
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Table 5.7 Percentage of NFSI plot subsamples of size n that would produce at least the same 
deviation of nitrogen stock medians relative to NFSI results as it is reported for the available number 
of Intensive Forest Monitoring plots for each layer 


n First inventory (46) Second inventory (96) Trend (96) 
Organic layer 37 9.1 22.5 37.7 
0-5 cm 29 34.2 1.2 20.7 
5-10 cm 29 58.5 94.6 12.8 
10-30 cm 47 38.9 11.4 0.02 
0-30 cm 47 36.7 1.1 0.02 
30-60 cm 46 10.3 12.9 0.05 
60-90 cm 21 16.5 61.2 5.7 
Org—60 cm 36 15.3 0.1 0.8 


Sample sizes in 0-5 cm and 5-10 cm are lower than, e.g. in organic layer—60 cm due to 
non-separate sampling of both layers on many plots 


the causes for an opposite direction of trends derived for the time between both 
NFSIs? 

A bootstrap analysis was performed to investigate the plot selection effect. 
100 million subsamples of NFSI plots (paired sample) were randomly chosen for 
each layer with a sample size identical to the corresponding number of IFM plots 
available. If IFM plots were just another selection of plots from the same population, 
there would probably also be plot combinations from the NFSI plots generating the 
same deviation to the whole NFSI result or an even larger deviation. The results are 
given in Table 5.7: For example, for the organic layer, the analysis revealed that an N 
stock decrease < —4.5 kg ha ! year ! (the value measured on IFM plots) would also 
have been the outcome of 37.796 of all samples with the same sample size (n — 37) 
drawn from NFSI plots, showing that IFM plot results are not generally different 
from the results of NFSI in the organic layer. On the other hand, for the mineral soil 
between 0 and 30 cm depth, only 0.02% of the equal-sized subsamples of the NFSI 
plots would lead to an N stock increase > 443.1 kg ha^! year! —here NFSI plots 
and IFM plots are generally different. 

The bootstrap analysis shows that the IFM plot results of the first inventory could 
also have been derived from a reasonable number of combinations from NFSI plots. 
Especially in the upper part of the mineral soil and to a lesser extent in the other 
layers, IFM plots had in the first inventory N stocks typical for NFSI plots. In the 
second inventory, N stocks of layers deeper than 30 cm of the mineral soil and of the 
organic layer of IFM plots were again quite typical results for subsamples of the 
NFSI, but the upper 30 cm of the mineral soil had results that could hardly be 
generated based on NFSI plots: Only 1.1% of the random NFSI plot subsamples 
would produce such a result. Also the trends derived from the difference between 
first and second inventory may not be generated based on subsamples of the NFSI in 
0-30 cm and in 30-60 cm of the mineral soil. 

It may be concluded from this analysis that it is not just the low number of IFM 
plots that is responsible for the apparently opposite direction of their trend results: 
Some IFM plot results especially of the second inventory appear to be not from the 
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same population as the results of NFSI plots. It may also be concluded that the initial 
plot selection is not the primary cause for the diverging results in terms of absolute N 
stocks, since the first inventory after plots were selected could reasonably be 
reproduced by subsamples of NFSI plots. Only with respect to the occurring change 
rates, the selected IFM plots are not comparable to the NFSI dataset. 

Several alternative explanations for the different trend results from both networks 
are possible: (1) Since the inventories were not all performed in exactly the main 
year of NFSI I or NFSI II, it could be that N stock changes are more variable in time 
than expected, such that the results of both networks represent different stages of N 
stock development. Other long-term monitoring programmes on N stocks in forests 
also found subsequent N stock changes with reversed direction that were difficult to 
explain as a long-term development (Johnson et al. 2007; Johnson and Turner 2014; 
Kiser et al. 2009; Binkley et al. 2000). (2) The originally more typical state of N 
stocks on IFM plots may have changed after the first inventory due to their use as 
IFM plots. Most IFM plots are highly instrumented plots with less regular thinning, 
with the consequence that the stands are on average older than the mean age of NFSI 
plots and, thus, could accumulate more N in the soil during their lifetime. Many of 
the plots are fenced, which lowers bioturbation, browsing, and predation by larger 
mammals. (3) The small methodological differences between both networks may 
have contributed to the deviation in trend results. Differences exist, e.g. with regard 
to the number of soil samples taken in the forest, such that the high spatial variability 
of N stocks may better be accounted for by IFM plots. (4) No IFM plots with 
sufficient data are located in those areas in the southwest of Germany where 
predominantly negative change rates of soil N stocks have been observed. Thus, a 
systematic underrepresentation of geographic areas with negative change rates 
within the set of IFM plots contributes to the results from the bootstrapping 
approach. 

Summarizing the methods discussion, it may not be excluded that the results of 
differential N stock measurements are subject to relevant over- or underestimations. 
Namely the measurements in deeper layers are influenced by the mentioned error 
sources, since the employed techniques especially in NFSI I operated close to their 
limit of quantification. However, they are the only representative benchmark values 
we can relate to from the 1990s, and there is no proof that would justify to discard 
them. It is of course important to take the uncertainties mentioned into account when 
drawing conclusions especially on long-term trends. 


5.6 Summary and Conclusions 


Nitrogen stocks in German forest soils are with 6.3 t ha! on the most frequently 
observed level in European forest soils (5-10 t ha'!, Fleck et al. 2016), which is 
considered a medium level according to the empirical rating for German forest soils 
(AK Standortskartierung 2016). This result was similarly observed in NFSI I and 
NFSI II and agrees in general terms with the measurements on IFM plots (Fig. 5.2). 
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More than 50% of N in forest soils is generally stored in the uppermost 30 cm of 
the mineral soil. The next 30 cm contains more than 20%, and roughly another 15% 
is stored in 60—90 cm depth of the mineral soil. The organic layer contains usually 
the remaining 10-15% of N in the whole soil profile up to 90 cm. This result is 
confirmed by NFSI I and NFSI II measurements as a representative result for 
Germany, and it is in the same order of magnitude also observed on the selected 
IPM plots. 

A general property of N stocks in German forest soils is their high regional 
variability, which is visible in all evaluations (Figs. 5.3, 5.5, and 5.19). The observed 
pattern may largely be explained as the long-term impact of factors like tree species, 
parent material, soil acidification, annual mean temperature, and agricultural land 
use with the related N deposition. The depth gradient of N stocks observed on plots 
from the different tree species and parent materials is well explained by the decom- 
posability approach of Berg (2014), whereby high C/N ratios in organic layer—5 cm 
indicate organic material with low initial decomposability (decomposition of cellu- 
lose), but high total decomposability (including the decomposition of lignin), 
leading to high N stocks in the organic layer, but low N stocks in total for organic 
layer—60 cm. Low C/N ratios in turn were nearly always associated with low N 
stocks in the organic layer and high N stocks in organic layer—60 cm. These results 
demonstrate the central relevance of C/N ratios of the organic material provided for 
its decomposability in the soil. 

A potential explanation for the relationship between C/N ratio and the depth 
gradient of N stocks may be found in the observation that C/N ratios initially 
decrease during decomposition due to N immobilization taking place in the first 
9 months of decomposition (Hasegawa and Takeda 1996). Parton et al. (2007) also 
showed that immobilization during the first phases of decomposition is highest in 
litter with high C/N ratios (when microbial biomass growth is N limited) and very 
low when C/N ratios are small and microbial biomass growth is C limited. The effect 
of C/N ratios on microbial biomass growth and subsequent decomposition is, 
however, twofold: While an increase of microbial biomass reduces the amount of 
easily accessible particulate organic matter, it increases the amount of mineral- 
associated organic matter, which mainly originates from microbial necromass and 
exudates (Averill and Waring 2018). 

The effect of soil pH on decomposition processes is visible from the liming effect 
on acid-sensitive plots, where N stocks in the organic layer decreased in the years 
between NFSI I and NFSI II, while N stocks increased in the mineral soil (0-30 cm): 
Apparently, this effect is independent from C/N ratios, since there was no direct 
effect on C/N ratios, while the directly stimulating effect of increased soil pH on 
microbial activity is known (Anderson and Domsch 1993). Increased decomposition 
of particulate organic matter by microbes in the organic layer may here again be 
associated with an increase of mineral-associated organic matter in the mineral soil, 
eventually enhanced by the decreasing influence of liming on soil pH with depth. 

In the years between NFSI I and NFSI II, an N accumulation took place in organic 
layer—5 cm. More precisely, the N accumulation was concentrated in the uppermost 
5 cm of the mineral soil, while there appeared to be a slight decrease of N stocks in 
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the organic layer. This result is derived from differential N stock measurements on 
NFSI plots as well as on IFM plots. C/N ratios in organic layer—5 cm increased in 
the same time from a moderate level in NFSI I to a somewhat higher level in NFSI 
II. Such an increase of C/N ratios could be the first visible effect of the slowly 
decreasing N deposition rates, since uptake of N compounds into the organic layer is 
reduced with decreasing deposition. This interpretation is consistent with the fact 
that the formerly observed decrease of C/N ratios in the years around NFSI I had 
been attributed to the increasing N deposition rates at that time (Geissen and 
Brümmer 1999). 'The expected inhibitory effect of increasing C/N ratios on micro- 
bial biomass growth in the organic layer (low initial decomposability) did not occur 
and may have been overridden in this case by the increase of pH values in the 
organic layer (compare Chap. 4) associated with decreasing N deposition. Also the 
climatic changes in the period before each of the NFSIs may have contributed to 
higher organic matter decomposition by microbes in the organic layer: Increasing 
temperatures and the potentially increasing frequency of drought-rewetting cycles in 
the 10 years before sampling (compare Chap. 3) may yet in these years have led to 
accelerated decomposition and increased microbial activity, thereby decreasing the 
amount of particulate organic matter N in the organic layer and increasing the N 
stocks in mineral-associated organic matter in the upper mineral soil. A direct link 
between N deposition and C/N ratios appears to be likely also from the observed 
impact of agricultural land use. 

While N accumulation in organic layer—5 cm may be derived from NFSI as well 
as IFM plots, increasing N stocks in the mineral soil above 30 cm depth and 
decreasing N stocks below this depth were only found on NFSI plots. IFM plots 
confirm the increase in the mineral soil above 30 cm, but yield constant N stocks in 
the layers below. However, a discrepancy in the change rates between mineral soil 
layers above and below 30 cm depth seems to be a common feature of both 
networks' results on N stock change rates from differential N stock measurements. 
Regardless of the uncertainties associated with low concentration measurements in 
deeper layers, a potential explanation for such a discrepancy would most likely be 
connected to the acidifying effect of N deposition, which has been found to be 
independent of the effect of C/N ratios. After N (and S) deposition had slowly 
decreased, an increase of soil pH and base saturation was only observed in the 
uppermost layers (compare Chap. 4). This reduction of acidity together with climatic 
changes induced an increase of (micro-) biological activity, reducing the amount of 
stored N in the organic layer by decomposition, but increasing the amount of 
mineral-associated organic matter in the upper mineral soil, while the ongoing 
acidification in the deeper mineral soil of acid-sensitive plots would be expected to 
reduce microbial activity and potentially even the amount of N stored in this 
compartment. 

The approaches to derive N stock changes between NFSI I and NFSI II show a 
diverse picture. While the modelled N balances lead to the expectation of on average 
increasing N stocks (42.8 to 47.0 kg ha^! year !, depending on harvest scenario), 
they also estimate N stock decreases for a substantial proportion of the sites, even if 
only a minimum amount of harvesting is assumed. The differential N stock 
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measurement results from IFM plots, which partly follow the scenario of no harvest, 
indeed show a clear increase of N stocks, which is with 428.0 kg ha! year ! even 
higher than the range given from modelled N balances. While N stocks on NFSI 
plots in organic layer—30 cm slightly increased (46.2 kg ha! year !), N stock 
decreases are reported for the deeper layers with their generally low N concentra- 
tions that turn the result for organic layer—60 cm to a median decrease of 
—8.2 kg ha! year '. Since both NFSI and IFM plot results are outside the range 
given by N balance estimations, it may not be excluded that they are over- or 
underestimations. The representativeness of modelled N balances from NFSI plots 
is considered higher than their differential N stock measurements, since N stock 
differences of the latter, coined by the extremely high spatial and temporal variability 
of N concentrations in soil samples and resulting measurement uncertainties, were 
scientifically not significant. 

Summarizing, the effect of decreasing N deposition rates yet appears to be visible 
as increasing C/N ratios and pH values (Chap. 4) in the organic layer, whereof the 
latter is partly achieved by liming and the reduction of S deposition and contributes 
to decreasing N stocks in the organic layer. Changes in climate, litter quality, and soil 
pH appear to be responsible for the observed shift of N stocks towards the upper 
mineral soil. The forest soils contain still a medium high amount of N stocks and 
further accumulate N, preferentially in the uppermost 30 cm of the mineral soil, 
while there are indications for large N stock decreases in the deeper layers of the 
mineral soil that are potentially influenced by continuing acidification in these layers. 
While no general increase of N in groundwater from forest catchments has been 
reported for Germany in the years between NFSI I and NFSI II (Sucker et al. 2011), 
the risk of such a development requires more intensive monitoring of processes in 
the deeper mineral soil. Modelling studies are needed especially on acid-sensitive 
forest sites to better predict the development of N-leaching under forest soils 
recovering from acidification. The data show, how vulnerable biological activity 
and N-storage in forest soils may be under changing conditions, and losses of N by 
leaching from forests need to be considered as a serious possibility. Further reduc- 
tions of N deposition are, thus, still needed as a preventive measure for environ- 
mental protection. 
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Chapter 6 
Carbon Stocks and Carbon Stock Changes ss 
in German Forest Soils 


Erik Grüneberg, Ingo Schóning, Winfried Riek, Daniel Ziche, and Jan Evers 


6.1 Introduction 


Forests play an important role in the global carbon (C) cycle. Through photosyn- 
thesis plants convert atmospheric carbon dioxide (CO) into plant biomass. About 
half of the C stored in the plant biomass is subsequently released into the atmosphere 
by respiration in plants. Most of the remaining C enters the soil, e.g., as dead leaf or 
root biomass. The amount of soil C is determined by the net balance of the rate of 
organic C input and its decomposition. Soils are the largest reservoir of organic C in 
the active C cycle of terrestrial ecosystems. 

Globally, they contain about 1.5-2.0 x 107? tons of organic C to a depth of 1 m 
(Amundson 2001). Forest soils store one third of the global organic C. They are a 
larger reservoir for C than plants and atmosphere combined (Schlesinger 1991). 

With regard to climate protection policy, the sequestration of atmospheric C in 
soils as stable organic matter is discussed as a potential contribution to mitigate 
atmospheric CO» concentrations (Janzen 2004). A proportion of the C entering the 
soil is mineralized by microorganisms resulting in the release of CO, and/or 
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methane. Carbon can also be leached from soil as dissolved or particulate organic 
matter soil C not mineralized by soil microorganisms—ranging from young recently 
deposited plant material to very old organic constituents in the so-called stable 
organo-mineral associations—is stored in the soil as organic matter. The soil organic 
matter fulfills important soil functions as it serves as a nutrient exchanger and buffer 
for plants, improves the retention of water, and increases the buffering and exchange 
capacity of soils. Soil organic matter also provides energy for heterotrophic soil 
organisms as well as for the microflora. 

An increase in C stocks is expected to be a result of environmental as well as 
human-induced factors (Tan et al. 2004; Liski et al. 2002; de Vries et al. 2009). The 
mineralization of organic matter is limited by temperature and water availability, and 
thus the amount and dynamic of soil C pools are substantially affected by climate 
(Davidson and Janssens 2006; Lorenz and Lal 2010). Currently, it is not yet fully 
resolved why one part of soil C is decomposed rapidly, while other parts are 
characterized by turnover times ranging from decades to millennia (Baisden et al. 
2002). One possible reason is that the accumulation of soil C is controlled by the 
restricted availability of decomposing organisms and their enzymes (Jastrow et al. 
2007). Furthermore, the lack of nutrients and energy sources may restrict the growth 
of microorganisms involved in decomposition processes. 

The amount of C stored in the soil is controlled by the potential of soils to 
stabilize organic C. Various studies have shown that less CO; is released from 
soils where large amounts of C are associated with the mineral phase (Six et al. 
2002). This is generally explained by an interaction between reactive mineral 
surfaces and organic C by mechanisms such as ligand exchange, polyvalent cation 
bridges, and hydrophobic interactions (Vogel et al. 2015; von Lutzow et al. 2006). 
Therefore, the size of the clay and silt fraction is important for the storage of soil C 
(Tan et al. 2004). Moreover, chemical soil properties such as the pH value or the 
cation exchange capacity can affect the microbial turnover of organic matter 
(Ladegaard-Pedersen et al. 2005; Leuschner et al. 2013). 

Direct and indirect anthropogenic activities influence the C dynamic in forest 
ecosystems. Various studies showed an impact of tree species selection and accom- 
panied forest stand composition on C stocks (Ladegaard-Pedersen et al. 2005; 
Prietzel and Bachmann 2012). Forest management practices such as drainage, 
thinning, timber harvesting, and liming can also affect soil C dynamics (Johnson 
et al. 2002; Nave et al. 2010). 

Investigations of liming induced effects on C stock changes have revealed 
contradictory results. On the one hand, it has been shown that after the application 
of lime, the decomposition of the organic layer increased accompanied by an 
accumulation of C in the mineral soil (Andersson and Nilsson 2001; Evers et al. 
2008). On the other hand, various studies have demonstrated that a long-lasting 
decrease ranging from weeks up to 1 year followed the initial increase in soil 
respiration after liming (Illmer and Schinner 1991; Melvin et al. 2013). 

In addition, various studies suggested an impact of nitrogen (N) deposition on C 
sequestration in forest soils, but the results are highly uncertain and vary by two 
orders of magnitude (de Vries et al. 2009; Janssens et al. 2010). The increase in N 
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deposition on forests over a longer time period may reduce the decomposition of 
organic matter. Increased organic matter input in soil through enhanced above- 
ground biomass productivity or increased recalcitrance of N-enriched litter may 
lead to reduced long-term decomposition rates of organic matter (de Vries et al. 
2009). 

Results of the 1st National Forest Inventory (NFSI) were presented by Wolff and 
Riek (1996), who showed spatial patterns of C stocks and morphological humus 
forms and found correlations to bedrock, soil texture, and main soil types. They 
reported effects of a partial decoupling of material cycles on C dynamics due to long- 
lasting acid and N deposits during the last decades. Estimates of nationwide C pools 
and repeated soil C inventories or soil C monitoring are still rare, even though such 
information is essential to fulfill national commitments under Article 3.4 of the 
Kyoto Protocol and under the 2016 Paris climate agreement. With the repetition of 
the NFSI, Germany obtained a comprehensive data base to evaluate the status quo of 
soil organic matter and the C sequestration rate of forested soils over time. 


6.2 Carbon Stocks in German Forest Soils 


6.2.1 Carbon Stocks 


Forest soils (the organic layer and the mineral soil to a maximum depth of 90 cm) 
contained on average 117.1 + 1.7 Mg ha‘! of organic C. The median of the organic 
C stock was 105.0 Mg ha™ indicating a right-skewness with a disproportionately 
large number of sites with high organic C stocks (Fig. 6.1). The 1046 soils with the 
lowest organic C stocks contained less than 64.8 Mg ha !, while the 10% soils with 
the highest organic C stocks contained more than 177.4 Mg ha '. Highest organic C 
stocks were usually found in soils where the decomposition of organic matter was 
restricted due to oxygen deficiency caused by water saturation and/or by per humid 
climate. Soils that are limited in depth by continuous rocks, gravel, or stones 
contained the lowest organic C stocks. In respect to the amount of C stored in the 
whole soil, the organic layer contained 1896 of C (Fig. 6.2a). Organic C stocks in the 
organic layer were highly variable with C stocks ranging from 0.2 to 190 Mg ha! 
and a coefficient of variation of 94%. The upper 30 cm of the mineral soil contained 
59% of the organic C stored in the complete profile, while the depth increments 
30-60 cm and 60-90 cm contained 18% and 9% of the total organic C, respectively. 
This gradient is similarly to observe N stocks (see Chap. 5). In contrast to averaged C 
stocks which decreased with depth, the relative variability of C stocks increased with 
depth with a coefficient of variation ranging from 50% in depth increment 0-5 cm to 
169% in depth increment 60-90 cm. The organic C stocks in different depth 
increments of the mineral soil varied considerably ranging from 0.4 to 
142.5 Mg ha'! in depth increment 0-5 cm and from 0.6 to 590.9 Mg ha‘ in depth 
increment 10-30 cm. 
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Fig. 6.1 Cumulative frequencies [in %] of organic stocks in German soils (organic layer and 
mineral soil down to a depth of 90 cm). 10, 25, 50, 75, and 9096 quantiles are indicated (P10, P25, 
P50, P75, P90) 


6.2.2 Organic Carbon Stock Changes in German Forest Soils 


Estimates of organic C stock changes in the organic layer and mineral soil between 
the inventories are based on sites that were sampled at both inventories. Bogs and fens 
were not included in the analyses. The thickness of the humus body in wetland soils 
varies over time, and therefore, a reference level for a repeated measurement is 
nonexistent. Carbon stocks of the organic layer increased negligible by 
0.06 + 0.03 Mg ha! year ! since the first inventory (Fig. 6.2b). In contrast, C stocks 
increased significantly in increments up to a depth of 30 cm with 0.25 + 0.02 Mg ha! 
in 0-5 cm, 0.16 + 0.01 Mg ha^! in 5-10 cm, and 0.28 + 0.03 Mg ha^! in 10-30 cm 
(p « 0.001). Significant organic C stock changes in the soil below 30 cm could not be 
found. The averaged organic C stock in German forest soils down to a depth of 90 cm 
increased significantly by 0.75 + 0.09 Mg ha^! year ! resulting in a total increase of 
11.3 Mg ha™ between the inventories (a time period of 15 years). In a previous 
analysis, the organic layer was identified as a stable C pool, while the mineral soil 
sequestered 0.41 Mg ha‘! year"! (Grüneberg et al. 2014). The apparent tendency of an 
accumulation in the organic layer and the upper depth increment of the mineral soil 
are also reflected by N stocks (see Chap. 5). The pattern of decreasing N stocks with 
depth is mainly due to high differences in 30-60 cm which was not observed for 
C. Since the measured concentrations are much higher for C compared to N, they are 
less affected by potential analytical errors. On the European scale estimates of C stock 
changes, rates ranged from 0.1 to 1.0 Mg ha ! year ! (Luyssaert et al. 2010). Jonard 
etal. (2017) quantified changes in soil organic C stocks based on the data from two soil 


6 Carbon Stocks and Carbon Stock Changes in German Forest Soils 171 


a) 
Organic layer n = 1802 
0-5 cm 1840 
5-10 cm 1841 
10-30 cm H [ek 1826 
30-60 cm H [+ 1797 
60-90 cm Ee 1620 


0 10 20 30 40 50 60 80 2 -1 0 1 2 3 
Carbon stocks Carbon stock changes 
[Mg ha] [Mg ha" yr“] 


Fig. 6.2 (a) Carbon stocks and (b) carbon stock changes in the organic layer and depth increments 
of the mineral soil. Box plots on the carbon stocks refer to all plots considered in the 2nd National 
Forest Soil Inventory, while carbon stock changes refer to plots exclusively considered on both 
National Forest Soil Inventories. Box plots with white diamonds on carbon stock changes indicate 
significant differences based on a one-sample t- test with HO: 0 (p < 0.05). Organic soils were 
excluded from the analysis of carbon stock changes 


surveys carried out in the French forest monitoring plots. The authors estimated for 
forest soils across France an accumulation of 0.35 Mg C ha! year ! between 1993 
and 2012. 

For the first time, Grüneberg et al. (2014) estimated countrywide C stock changes 
of forest soils in Germany. Differences between these results and results presented 
here arise from different statistical approaches. In contrast to the results presented 
here which are based on paired samples, previous estimates of C stocks and C stock 
changes considered both paired and unpaired samples. They applied site-specific 
forest stand and soil information which was available from nationwide geographical 
datasets. The plots were grouped into classes, which correspond to the classification 
scheme of the geographical datasets. For the organic layer, inventory plots were 
grouped into classes of forest stand types (coniferous forest, mixed forest, and 
broadleaf forest) and substrate groups (dystrophic and eutrophic unconsolidated 
sediments as well as rocks with high and low base saturation). For the mineral 
soil, inventory plots were grouped according to soil and substrate information. 
Federal states were included in the classification to consider differences in the 
sampling density among German federal states. Detailed information about the 
methods can be found in Grüneberg et al. (2014). 
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Fig. 6.3 Organic carbon stock changes in the organic layers of different substrate groups under 
various forest stands between the Ist and 2nd National Forest Inventory (Griineberg et al. 2014). 
Asterisks indicate a 0.05 significance level, tested by a two-way ANOVA and the attended Tukey 
HSD test for each substrate group individually 


The C stock changes of the organic layer ranged from —0.62 + 0.15 Mg ha ! year! 
under broadleaf forest to 0.23 + 0.07 Mg ha’ year ! under coniferous forest, both in 
soils derived from eutrophic unconsolidated sediments (Fig. 6.3). The site-specific 
organic C stocks have increased since the first national inventory especially in the 
North German Lowland and in the Alpine foothills (Fig. 6.4). Both regions are 
characterized by dystrophic unconsolidated sediments and coniferous forests. In 
contrast, C was not sequestered but rather released under broadleaf and mixed forest. 
In the low mountain ranges consisting of solid rocks with low base saturation in the 
middle and southern parts of Germany, the organic layer is considered to be a C 
source as it released C. Carbon was also released from organic layers in the Alps as 
well as in the mountainous regions of southern Germany with solid rocks high in 
base saturation. The mountainous regions with high base saturation are not charac- 
terized by specific forest stands. However, organic layers in broadleaf and mixed 
forest lost more C than in coniferous forest. 

The C stock changes in the upper 30 cm of the mineral soil ranged from 
—0.71 + 0.28 Mg ha! year ! in soils derived from redeposited material from lime 
stone, marlstone, and dolomite to 1.35 + 0.19 Mg ha’ year"! in soils derived from 
eutrophic sandy deposits (Fig. 6.5). Similar to the organic layer, the mineral soil to a 
depth of 30 cm showed a strong increase in C stocks in mostly sandy soils of the 
North German Lowland (Fig. 6.6). The largest changes could be detected in the 
eastern part of the North German Lowland, where the initial C pool was low. Similar 
increases could be detected in the northern part of the Upper Rhine Valley and in the 
Rhine-Main Lowland. Moderate negative changes were found in soils derived from 
solid rocks of mountains and hills especially in the middle and south of Germany as 
well as in soils of the Alps. Furthermore, soils derived from limestone weathering or 
from weathered marlstone and claystone as, for example, in the Swabian and 
Franconian Alb and Upper Palatinate Jura showed slightly decreasing C stocks. 
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Fig. 6.4 Area-related organic carbon stock changes in the organic layer of German forest soils 
between the Ist and 2nd National Forest Soil Inventory 


6.2.3 Effects of Forest Stands and Parent Material on Carbon 
Stocks 


6.2.3.1 Forest Stands-Specific Carbon Stocks 


Effects of forest stands on C stocks of the organic layer and mineral soil were 
investigated by analyses of variance (ANOVA) and a subsequent pairwise compar- 
ison between the groups by Bonferroni test (p « 0.05). Forest stands were distin- 
guished in oak, beech, other broadleaf stands, pine, spruce, other coniferous stands, 
and mixed stands. In the organic layer, C stocks ranged from 7.8 + 1.1 Mg ha^! 


SQ 
R 


E. Grüneberg et al. 


2.0 
L- | Base-poor unconsolidated sediment 
157 Base-rich unconsolidated sediment T 
10- EI] Base-poor consolidated bedrock = + a 
Base-rich consolidated bedrock T na 


L 


M» ‘an 


9 15 8 2 12 4 10 3 14 11 16 13 7 1 5 6 


Carbon stock changes [Mg ha” yr] 


Fig. 6.5 Organic carbon stock changes in the mineral soil down to a depth of 30 cm under different 
soil and substrate groups between the 1st and 2nd National Forest Soil Inventory. Numbers on the 
X-axis represent soil parent material groups defined in Grüneberg et al. (2014) 


under other broadleaf trees to 31.4 + 0.9 Mg ha™ under pine (Fig. 6.72). They 
differed significantly among forest stands (ANOVA; p « 0.001). Apart from the 
comparison between beech with oak and between other coniferous trees with mixed 
stands, the C stocks between all other stands were significantly different. Broadleaf 
forest stands showed the lowest values, while C stocks of coniferous forest stands 
were an order of magnitude higher. This can be explained by an inhibited decom- 
position of needle litter and the associated enrichment of organic matter in the 
organic layer. 

Broadleaf forest stands stored with 88.9 + 5.0 Mg ha’ in the upper 30 cm of the 
mineral soil the highest amount of organic C, while pine forest stands showed with 
60.0 + 1.9 Mg ha ! the lowest stocks (Fig. 6.7b). The organic C stocks in the mineral 
soil to a depth of 30 cm were, though less pronounced, still significantly different 
between the forest stands (ANOVA; p « 0.001). Significantly higher C stocks were 
found under other broadleaf forest than under other forest stands, while pine forest 
stands stored significantly less C in this depth increment than other forest stands. 

A significant part of the C is observed in 30-90 cm emphasizing the subsoil as a 
stable, long-term C pool. The amount of C stored in the subsoil was half the C stored 
in the 0—30 cm depth increment (Fig. 6.7c). The variation of C stocks among the 
groups in the subsoil (30-90 cm) was lower than in the depth increment above. 
Nevertheless, significant differences among the forest stands were evident 
(ANOVA; p « 0.001). The variation within the groups, however, was similar to 
the 0—30 cm depth increment. Broadleaf forest stands are prone to store more C in 
the subsoil than coniferous forest. Under pine forest stands, we detected with 
24.8 + 1.7 Mg ha’! the lowest C stocks. Similar to the 0-30 cm depth increments, 
other broadleaf forest stands stored significantly higher C (42.6 + 4.0 Mg ha’) in 
the subsoil than all other forest stands. At the same time, also the largest variation 
was found under other broadleaf forest stands probably due to a high variability of 
site conditions among the stands. However, the pattern that more C is stored under 
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Fig. 6.6 Area-related organic carbon stock changes in the mineral soil down to a depth of 30 cm of 
German forest soils between the Ist and 2nd National Forest Soil Inventory 


broadleaf compared to coniferous forest stands might be caused by regional and site- 
specific differences of soil properties. 


6.2.3.2 Organic Carbon Stocks of Different Soil Parent Materials 


The soil parent material groups determine to a large extend soil physical and 
chemical properties of a forest site that in turn affect the amount and turnover of 
soil organic matter. Differences of organic C stocks among soil parent material 
groups were analyzed by ANOVA and subsequent pairwise comparisons between 
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Fig. 6.7 Organic carbon stocks in (a) the organic layer, (b) the mineral soil down to a depth of 
30 cm and (c) in the depth increment 30-90 cm under various forest types. Forest types with 
different letters are significantly different (p < 0.05). The line within a box represents the median 
and the diamond represents the mean. Forest types on the X-axis; for definition see Chap. 2 


the groups by Bonferroni test (p « 0.05). Soils of bogs, fens, and other soils with 
high organic C concentrations (71596) as well as soils from the Alps were not 
considered in the ANOVA. Soils of the Alps were excluded because of their low 
sample size, while organic soils were not studied due to their clearly distinctive 
development, properties, and reaction to environmental effects compared to mineral 
soils. In particular the thickness of the peat layer determines the amount of organic C 
stored in organic soils. Peat layers are characterized by notably high C stocks and a 
high spatial variability of organic C stocks. The classification into different soil 
parent material groups, however, could reduce the variability within the groups 
compared to the forest stand types because highly variable organic soils were 
analyzed separately as organic soils. 

The results showed a relation of C stocks between the organic layer and the parent 
material. The averaged C stored of the organic layer ranged from 6.2 + 0.5 Mg ha” in 
soils from weathered carbonate bedrock to 29.6 + 1.1 Mg ha! in soils from base-poor 
unconsolidated sediment (Fig. 6.8a). Forest sites rich in nutrients and base cations 
are characterized by low organic C stocks in the organic layer due to favorable 
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Fig. 6.8 Organic carbon stocks in (a) the organic layer, (b) the mineral soil down to a depth of 
30 cm, and (c) the depth increment 30-90 cm in soils derived from various parent materials. Soil 
parent material groups with different letters are significantly different (p < 0.05). The line within a 
box represents the median, and the diamond represents the mean; numbers on the X-axis represent 
soil parent material groups with (1) soils from base-poor unconsolidated sediment, (2) soils of 
alluvial plains, (3) loamy soils of the lowland, (4) soils from weathered carbonate bedrock, (5) soils 
from basic-intermediate bedrock, (6) soils from base-poor hard bedrock, (7) soils from the Alps, and 
(8) organic soils 


conditions for soil organisms to decompose organic matter. In contrast, the high 
organic C stocks in soils from base-poor unconsolidated sediment or in organic soils 
can be explained through reduced decomposition of organic matter due to low 
nutrition availability or anaerobic conditions. The Bonferroni test revealed signifi- 
cantly higher C stocks of the organic layer in soils from base-poor unconsolidated 
sediment than in all other groups. The organic layer of soils from base-poor bedrock 
stored significantly more C than the organic layer of soils from weathered carbonate 
bedrock, soil from basic-intermediate bedrock, as well as loamy soils of the lowland 
and soils in broad river valleys. Carbon stocks were also significantly higher in the 
organic layer of soils in broad river valleys and of loamy soils of the lowland 
compared to the organic layer of soils from weathered carbonate bedrock and of 
soils from basic to intermediate bedrock. 
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Organic layer C stocks were stronger influenced by forest stand types than by soil 
parent material, while C stocks of the mineral soil down to 30 cm depth were most 
affected by soil parent material. Soil C stocks were higher and characterized by a 
considerably larger variability than C stocks in the organic layer (Fig. 6.8b). More- 
over, the magnitude of organic C stored in the mineral soil derived from different 
parent materials was contrary to the amount of C stored in the organic layer. Base 
cation-poor sites showed lower organic C stocks in the mineral soil than sites rich in 
base cations. The averaged values for the 0-30 cm depth increment ranged between 
60.9 + 0.9 t C ha! in soils from base-poor bedrock and 110.9 + 5.7 t C ha^! in soils 
from the Alps. The high organic C stocks in the soils from the Alps can be explained 
by a slow decomposition of organic matter due to effects of high altitude. The 
studied organic soils stored with 216.6 + 19.0 Mg ha! much more C than mineral 
soils. Soils in broad river valleys and soils from weathered carbonate bedrock were 
significantly more enriched in C than soils from base-poor unconsolidated sediment 
and bedrock. Particularly soils in broad river valleys received organic matter by 
lateral transport during past flooding events. 

Carbon stocks of the subsoil (depth increment 30-90 cm) hardly differed among 
the soil parent materials. Moreover, the variability within most of the groups was less 
pronounced compared to the 0—30 cm depth increment. The average organic C 
stocks ranged between 24.3 + 0.8 Mg ha’! in soils from base-poor bedrock and 
48.2 + 8.8 Mg ha! in soils in broad river valleys (Fig. 6.8c). Organic soils exhibited 
the highest organic C stocks in 30-90 cm (179.3 + 24.8 Mg ha !). In contrast to the 
0—30 cm depth increment, the C stocks in soils in broad river valleys were signif- 
icantly higher than in soils from weathered carbonate bedrock. The differences 
between the 0—30 cm and 30—90 cm depth increments might be explained by higher 
stone contents in sites derived from carbonate rocks compared to sites derived from 
material transported by water as in broad river valleys. The organic C stocks of 
loamy soils of the lowland or of soils from basic-intermediate bedrock were not 
different from sites poor in cations although the mineralogical composition of those 
soils was expected to stabilize larger amounts of C over a long period of time. 


6.2.3.3 Interactions Between Forest Stand Types and Soil Parent 
Material 


One-dimensional considerations prevent separating interactions between forest stand 
types and soil parent material due to the low sample size and the high variability of 
any of the groups. Coniferous and broadleaf forest stands were separated insuffi- 
ciently by the NFSI method because pure stands were separated in which at least 
70% of the trees in the main canopy are of a single species. This means that pure 
forest stands can provide 30% of other tree species. To enhance the number of 
sample points for a sufficient statistical analysis in each class, we further distin- 
guished between pure coniferous and broadleaf forest stands based on a proportion 
of 9096 of single tree species in the main canopy. The following soil parent material 
groups were considered for the analyses: soils from base-poor consolidated bedrock, 
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Fig. 6.9 Carbon stocks in the organic layer (a), as well as in the mineral soil down to a depth of 
30 cm (b) and in depth increment 30—90 cm (c) under pure coniferous and broadleaf stands on soils 
derived from various parent materials. Black diamonds indicate significant differences between 
pure stands within the same soil parent material group based on a two-sample r-test (p « 0.05). 
Comparisons of the same pure stand among soil parent material groups are based on Bonferroni test 
(p « 0.05). Same letters indicate no significant differences ( p « 0.05). Outliers are masked; a line 
within a box represents the median, and the diamond represents the mean 


Table 6.1 Results of analysis of variance (ANOVA) testing effects of pure forest stands and soil 
parent material on carbon stocks in the organic layer 


Variables DF MSE (type III) F value p value 

Pure forest stand 1 260.965 371.43 <0.0001 
Soil parent material 3 112.663 53.45 <0.0001 
Pure forest stand*soil parent material 3 4.788 2.27 0.0786 


DF degrees of freedom, MSE mean square error 


soils from base-poor unconsolidated sediments, loamy soils of the lowland, and soils 
from weathered carbonate bedrock. 

The organic C stocks of the organic layer ranged from 3.2 + 0.3 Mg ha ! under pure 
broadleaf forest in soils from weathered carbonate bedrock to 31.9 + 1.04 Mg ha^! 
under pure coniferous forest in soils from base-poor unconsolidated sediments 
(Fig. 6.92). The ANOVA revealed a significant relation between organic C stocks 
in the organic layer of pure forest stands and soil parent material group (Table 6.1). 
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Table 6.2 Results of analysis of variance (ANOVA) testing effects of pure forest stands and soil 
parent material on carbon stocks in the mineral soil down to a depth of 30 cm 

MSE (type III) 
2.729 14.93 0.0001 
4.171 7.61 «0.0001 
0.0055 


Pure forest stand 


Soil parent material 


Pure forest stand*soil parent material 


DF degrees of freedom, MSE mean square error 


Similar to the classification into soil parent material groups without distinguishing 
forest types among forest stands, where coniferous forest showed the highest and 
broadleaf forest showed the lowest C stocks, here we found maximum organic C 
stocks under pure coniferous forest and minimum organic C stocks under pure 
broadleaf forest across all soil parent material groups. The differences between the 
pure forest stands were significant for all soil parent material groups. We found 
significant differences under pure coniferous forest exclusively between soils from 
base-poor consolidated bedrock and loamy soils of the lowland and soils from base- 
poor unconsolidated sediments, respectively. Taking broadleaf forest into account, 
significant differences were shown between most of the groups except for comparing 
soils from base-poor unconsolidated sediments with soils from base-poor consoli- 
dated bedrock. It could be shown that organic C stocks in organic layers are affected 
by soil parent material as we found higher organic C stocks on base cation-poor 
substrates compared to substrates low in base cations where in turn the organic C 
stocks were lower. 

For average C stocks in the 0—30 cm depth increment, the variability within the 
groups was much larger than between the groups. The organic C stocks reached from 
60.2 + 1.3 t C ha™ in soils from base-poor consolidated bedrock under coniferous 
forest to 84.9 + 7.3 tC ha’ in soils from base-poor unconsolidated sediments under 
broadleaf forest (Fig. 6.9b). In contrast to the organic layer, the ANOVA revealed 
significant higher C stocks under broadleaf than under coniferous forest (Table 6.2). 
Taking the soil parent material into account, soils from base-poor unconsolidated 
sediments and loamy soils of the lowland showed significant higher C stocks under 
broadleaf forest in comparison with coniferous forest. Coniferous and broadleaf 
forest stored significantly more C in soils from weathered carbonate bedrock than in 
soils from base-poor consolidated bedrock. Under coniferous forest C stocks were 
significantly higher in soils from weathered carbonate bedrock compared to soils 
from base-poor unconsolidated sediments and in loamy soils of the lowland. Fur- 
thermore, under broadleaf forest, the amount of C stored in soils from base-poor 
unconsolidated sediments was significantly higher than in soils from base-poor 
consolidated bedrock. The results of the ANOVA showed, however, significant 
interactions between pure stands and soil parent groups. 

In the 30-90 cm depth increment (subsoil), we estimated averaged C stocks 
ranging from 22.4 + 1.2 Mg ha ! in soils from base-poor consolidated bedrock to 
37.8 + 6.5 Mg ha’ in soils from base-poor unconsolidated sediments (Fig. 6.9c). Both 
the highest and lowest C stocks were found under broadleaf forest regardless of the 
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Table 6.3 Results of analysis of variance (ANOVA) testing effects of pure forest stands and soil 
parent material on organic carbon stocks in the mineral soil depth increment 30-90 cm 


0.0033 
9.521 6.08 0.0004 
«0.0001 


Pure forest stand 


Soil parent material 


Pure forest stand*soil parent material 


DF degrees of freedom, MSE mean square error 


soil parent material. The C stock variability in the 30-90 cm depth increment is 
similar to that in the 0—30 cm depth increment though the C stored in the subsoil was 
half the C stored in the mineral soil down to 30 cm depth. The ANOVA revealed a 
significant relation to the forest type for the 30-90 cm depth increment (Table 6.3). 
The C stored in loamy soils from the lowland was significantly higher under 
broadleaf forest compared to coniferous forest. In contrast, soils from base-poor 
consolidated bedrock showed under coniferous forest higher C stocks than under 
broadleaf forest. Nevertheless, C stocks under broadleaf forest in the subsoil were 
prone to be affected by soil parent material. This can be proved by loamy soils of the 
lowlands which stored significant more C than soils from base-poor consolidated 
bedrock or soils from weathered carbonate bedrock. In contrast to broadleaf forest, 
the C stocks among the soil parent material groups were not significantly different. 
Similar to the 0—30 cm depth increment, the ANOVA revealed significant interac- 
tions between forest stands and soil parent material groups. 


6.3 Effects of Natural and Anthropogenic Environmental 
Factors on Carbon Stocks in Forest Soils 


We used structural equation modelling (SEM) to analyze direct and indirect factors 
affecting organic C stocks and organic C stock changes. Structural equation model- 
ling was performed with R 3.2.2 (R Core Team 2015) by means of the work package 
lavaan (Rosseel 2012). A hypothetical model was created initially before 
pre-postulated cause-effect relationships could be verified by the data of the NFSI. 
Structural equation models can be used to analyze simultaneously dependent and 
independent variables in order to study more complex relations among variables. 
Independent variables are denoted as exogenous, and dependent variables are 
denoted as endogenous. Results of the SEM can be represented graphically by 
path analyses where the strength of the causal relationship is expressed by path 
coefficients. A direct effect revealed by the SEM and showed by the path analyses is 
presented with an aligned arrow, while covariance is displayed with a curved double 
arrow. It is supposed that on national scale the amount of C stored in the organic 
layer and mineral soil is mainly affected by climate, plant biomass, and related litter 
inputs as well as physical and chemical soil properties. Further effects can arise from 
forest management practices and deposition of N. For the modelled effects on 
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Fig. 6.10 Results of the structural equation modelling with n = 1114, P(y2) = 0.831, 11 degrees of 
freedom, and a RMSEA (root mean square error of approximation) of 0 (90% confidence interval, 
[0; 0.047]) for the organic layer with exogenous (coarse wood — coarse wood volume, pH value 
[1 M KCI], temperature — mean annual temperature, precipitation — mean annual precipitation) and 
endogenous (C stocks — organic carbon stocks, AC stocks — annual organic carbon stock changes 
between NFSI I and NFSI II) variables in boxes and path coefficients with significant (continuous 
arrow) and not significant (dashed arrow) assignments as well as error variances (e) 


organic layer C, we considered the averaged mean temperature and the annual 
precipitation, the coarse wood volume per hectare, the averaged mean N deposition, 
as well as the pH value (1 M KCl) as variables describing site properties. The more 
complex model for the mineral soil down to 30 cm depth additionally included the 
clay concentrations as an exogenous variable and the cation exchange capacity and 
the C concentration as endogenous variables. It should be considered here that the 
effective cation exchange capacity (CEC) is partially determined by the C 
concentration. 

The results of the SEM for the organic layer showed that the magnitude of C 
stocks was strongest correlated to the pH value (—0.66), while relations to the 
climate variables temperature (—0.16) and precipitation (—0.24) were less distinct, 
and relations to the N deposition (0.10) as well as to the coarse wood volume (0.06) 
were weak (Fig. 6.10). Carbon stock changes in the organic layer were affected by 
coarse wood volume (0.09), pH value (—0.17), and precipitation (—0.23). The model 
for the mineral soil revealed weak correlations between organic C stocks and the 
exogenous variables N deposition (0.18) and pH value (0.06) (Fig. 6.10). In contrast, 
organic C stocks were strongly affected by the endogenous variable organic C 
concentration which in turn was largely determined by the clay concentrations 
(0.48). The C concentration was not considered in the model for the organic layer 
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Fig. 6.11 Results of the structural equation modelling with n = 886, P(y2) = 0.330, 22 degrees of 
freedom, and a RMSEA (root mean square error of approximation) of 0.011 (90% confidence 
interval, [0; 0.069]) for the mineral soil down to a depth of 30 cm with exogenous (coarse 
wood = coarse wood volume, clay concentrations, pH value [1 M KCl], N deposition = mean 
annual N deposition) and endogenous (CEC. = effective cation exchange capacity, C 
conc. = organic carbon concentrations, C stocks = organic carbon stocks, AC stocks = annual 
organic carbon stock changes between NFSI I and NFSI II) variables in boxes and path coefficients 
with significant (continuous arrow) and not significant (dashed arrow) assignments as well as error 
variances (e) 


AC stocks 


because the amount of C stored in the organic layer is mainly controlled by the 
thickness and mass of the organic layers and not—as in the mineral soil—controlled 
by the C concentration. Additionally to direct effects on organic C stocks, coeffi- 
cients revealed a path of N deposition (0.16) and pH value (0.08) on C concentration. 
Indirect effects on organic C stocks—that were weaker than direct effects—operat- 
ing through C concentration were therefore caused by N deposition (0.10) and pH 
value (0.05). The clay concentrations indirectly affected (0.32) C stocks. The 
indirect effect was much larger than the direct effect, which was not significant 
disguised the negative relation of the direct effect between clay concentrations and C 
stocks. 

The SEM revealed that the C stock changes of the mineral soil depend on N 
deposition (0.14), clay concentrations (—0.14), and coarse wood volume (—0.07) 
(Fig. 6.11). Additionally, a covariance (0.25) was shown between C stocks and C 
stock changes. Taking this covariance into account, N deposition (0.05) operated 
through C stocks on C stock changes. Further relations with C stock changes resulted 
from indirect effects of the exogenous variables N deposition (0.04), pH value 
(0.02), and clay concentrations (0.11) operating through the C concentrations and 
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the respective covariance. Furthermore, clay concentrations (0.05) were also related 
with C stock changes through the covariance of the effective cation exchange 
capacity. All revealed effects operating through the covariance are less pronounced 
than the revealed direct effects. In both models the magnitudes of the sequestered C 
strongly depend on the amount of C stored in the soil. Various studies demonstrated 
negative relationships between initial soil C stocks and C stock changes which were 
explained by a change in the forest management (Goidts and van Wesemael 2007; 
Riley and Bakkegard 2006) or by changed environmental conditions (Bellamy et al. 
2005; Saby et al. 2008). Repeated measurements on the same subject or unit of 
observation can lead to a statistical phenomenon called "regression to the mean" 
(Barnett et al. 2005). This statistical effect has been debated causing artifact losses 
from initially C-rich soil (Lark et al. 2006) and C gains in soils with initially low C 
stocks (Callesen et al. 2015). The revealed covariance between C stocks and C stock 
changes indicated the effect of the regression to the mean. 


6.4 Effects of Natural Environmental Factors 


The results of the studied soil parent material groups as well as the results of the SEM 
showed that site conditions are important factors affecting the storage of soil organic 
C. Base cation-poor sites showed for the organic layer highest C stocks, while base 
cation-rich sites stored low amounts of C (Fig. 6.12). Effects of soil parent material 
on the amount of stored C in the organic layer and mineral soil have been shown by 
various studies. It was demonstrated that the decomposition of litter was higher on 
sites rich in base cations or that the C accumulation of the organic layer was caused 
by reduced decomposition of the litter on sites low in base cations (Ladegaard- 
Pedersen et al. 2005; Vesterdal et al. 2008). In contrast to the organic layer, the 
magnitude of C stocks in mineral soils was higher on base cation-rich sites. Similar 
results were presented by other studies (Davis et al. 2004; Richardson and Stolt 
2013; Conforti et al. 2016), while Bavarian forest soils showed no relation between 
soil parent material and C stocks in the mineral soil (Wiesmeier et al. 2013). The 
various groups of soil parent material are characterized by differing soil texture. It is 
well-known that clayey soils store more C than sandy soils. In the Good Practice 
Guidance for Land Use, Land-Use Change and Forestry (IPCC 2003), the texture is 
considered by default values for C stocks down to a depth of 30 cm for a warm 
temperate, moist climate. Sandy soils include all soils having >70% sand and <8% 
clay and are indicated to store 34 t C ha !. Soils with high activity clay minerals are 
lightly to moderately weathered soils, which are dominated by 2:1 silicate clay 
minerals. High activity soils are assumed to store 88 t C ha! (IPCC 2003). 
Texture-related differences in organic C stocks can be explained by a decrease in 
decomposing from sand to silt to clay-sized complexes. This is due to the positive 
relation between C concentrations and clay content, which may be attributed to the 
stabilization of organic matter by the formation of stable complexes with clay 
minerals (Six et al. 2002). The specific surface area of soils increases with decreasing 
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Fig. 6.12 Relation between the effective cation exchange capacity and carbon stocks (a) in the 
organic layer and (b) in the 10-30 cm depth increment of the mineral soil. The linear regression was 
performed between the averaged effective cation exchange capacity and carbon stocks of various 
soil parent material groups; the numbers in the legend represent soil parent material groups with 
(1) soils from base-poor unconsolidated sediment, (2) soils of alluvial plains, (3) loamy soils of the 
lowland, (4) soils from weathered carbonate bedrock, (5) soils from basic-intermediate bedrock, 
(6) soils from base-poor hard bedrock, (7) soils from the Alps, and (8) organic soils 


particle size resulting in an increased importance of interaction between the organic 
matter and the mineral phase. Furthermore, an increased stability of soil organic 
matter might also be caused by its location within aggregates (Schrumpf et al. 2013; 
Golchin et al. 1997). The potential of a soil to form aggregates depends on the size 
distribution of the primary complexes and their characteristics which in turn depend 
on fundamental soil properties, such as clay mineralogy as well as on the abundance 
of microorganisms. Aggregates physically protect soil organic matter by forming 
physical barriers between microorganisms and their substrates and controlling food 
web interactions and consequently microbial turnover (Six et al. 2002). Moreover, 
the enhanced C concentration in fine-textured soils compared to soils with low clay 
content can probably be explained by higher soil moisture in clay-rich soils. Soils 
with high clay content have higher proportions of fine pores, which are less acces- 
sible for biological activities. We assume that this may have resulted in a reduced 
decomposition of the litter inputs at clay-rich sites and a subsequent accumulation of 
C (Griineberg et al. 2013). In contrast to C stocks that correlate positively with clay 
content, we found increasing C sequestration with increasing particle size. The 
extent of decomposing soil organic matter decreases from sand- to silt- to clay- 
sized complexes suggesting that the binding capacity of clay and silt particles is 
more saturated in the finer-textured soils than in coarser- textured soils (Christensen 
2001; Guggenberger et al. 1995). Schulten and Leinweber (2000) supposed that the 
importance of the clay fraction can become notably relevant with lower clay 
concentrations. Therefore, we assume that there is an enrichment of C in fine particle 
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Fig. 6.13 Relation between the pH value and carbon stocks (a) in the organic layer and (b) in the 
10—30 cm depth increment of the mineral soil. The linear regression was performed between the 
averaged pH value carbon stocks of various soil parent material groups; the numbers in the legend 
represent soil parent material groups with (1) soils from base-poor unconsolidated sediment, 
(2) soils of alluvial plains, (3) loamy soils of the lowland, (4) soils from weathered carbonate 
bedrock, (5) soils from basic-intermediate bedrock, (6) soils from base-poor hard bedrock, (7) soils 
from the Alps, and (8) organic soils 


fractions in low clay sandy lowland soils. Consequently, the relative magnitude of C 
accumulation is elevated in low clay soils compared to high clay soils. 

The SEM for the organic layer and the mineral soil revealed indications on a 
relation between soil acidity and C stocks. The pH value of the organic layer 
correlated negatively with C stocks, while the mineral soil showed a positive 
correlation. Furthermore, the results in respect to forest stand types and soil parent 
material groups especially for the organic layer indicated a relation between pH 
value and C stocks (Fig. 6.13). Both, soil parent material groups, representing a 
broad range of soil acidity, and forest stand types, representing a broad range of base 
and acidic cations caused by the litter of various tree species, showed a significant 
gradient of acidity. Moreover, C stock changes of the organic layer were negatively 
related to pH value. In forest soils liming is performed to compensate for acidic 
inputs and to improve the cation supply of the trees. Therefore, liming increases the 
pH value which in turn affects the organic carbon cycle in forest soils (see Sect. 
6.5.3). Various studies demonstrated that nutrient-rich soils tend to be associated 
with higher rates of litter decomposition, whereas the accumulation of soil organic 
matter in less fertile soils occurs due to reduced decomposition (Oostra et al. 2006; 
Vesterdal et al. 2013). Vesterdal (1999) demonstrated that the accumulation of C in 
the organic layer was higher on less fertile sites than on fertile sites. This was 
explained by higher activity of organisms on fertile sites that incorporate material 
from the organic layer into the mineral soil. A study on Norway spruce stands on a 
soil poor in nutrient showed that the root mass in the forest floor was much greater 
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Fig. 6.14 Relation between the C/N ratio and carbon stocks (a) in the organic layer and (b) in the 
0—5 cm depth increment of the mineral soil. The linear regression was performed between the 
averaged pH value carbon stocks of various forest stand types; the numbers in the legend represent 
forest stand types; for definition see Chap. 2 


than in stands on more nutrient-rich soils (Vesterdal et al. 1995). A larger input of 
root litter to the organic layer at acidic sites poor in nutrient may thus additionally 
contribute to a higher sequestration of C in the organic layer. 


6.5 Effects of Anthropogenic Factors 


6.5.1 Forest Stand Structure 


Significant differences in C stocks of the organic layer could be found for different 
tree species (Fig. 6.7a). Carbon stocks in the organic layer were highest under 
coniferous trees followed by beech and other broadleaf tree species. This order 
corresponds with findings compiled from various European and North American 
studies (Vesterdal et al. 2013). The results have in common that despite various 
methodological approaches, C stocks of the organic layers were affected by tree 
species. Differences in the accumulation of C can be explained by litter quality 
(Fig. 6.14). Various studies found higher C/N ratios in litter from coniferous trees 
compared to litter from broadleaf trees. Beech trees showed higher C/N ratios than 
litter from oaks and valuable broadleaved tree species (Vesterdal et al. 1995; 
Guckland et al. 2009). The C/N ratio of the litter can also serve as a proxy for 
other important chemical properties of the aboveground litter such as lignin content 
(Hobbie et al. 2006). The lignin/N ratio in turn is related to the turnover and 
accumulation of organic matter. The lignin/N ratios described in literature decreased 
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as followed: spruce, pine, beech > oak > other broadleaved trees (Kalbitz et al. 
2006; Lovett et al. 2004). 

The NFSI also confirmed an influence of tree species on C stock in mineral soil. 
We found a trend in sequestering more C in subsoils under broadleaf trees 
(30—90 cm). There are only a few studies on regional or national scale reporting 
tree species depending C accumulation in mineral soil. Some large-scale inventories 
included soil sampling and thus provide information on C stocks under different 
forest stands or tree species. Effects of tree species, however, might be masked by 
site-related factors (Vesterdal et al. 2013). Nevertheless, recent studies reported a 
tendency to store more C under broadleaf and valuable broadleaved tree species 
compared to coniferous trees and beech, respectively (Langenbruch et al. 2012; 
Oostra et al. 2006; Vesterdal et al. 2008). Tree species-related mechanisms and 
processes that affect C stocks could not be verified with the data from the NFSI. We 
suggest that the tree species could be driven by differences in soil fauna activity and 
related incorporation of litter into the soil. Variations in earthworm abundance 
between broadleaf and coniferous tree species have been reported by various studies 
(de Schrijver et al. 2012; Reich et al. 2005). These studies clearly reported that 
earthworm abundance or biomass increased from spruce over beech and valuable 
broadleaved tree species. We assume that earthworm abundance or biomass is a 
likely explanation for differences in C stocks between forest stand types or tree 
species due to higher inputs of organic layer material to upper mineral soil. A further 
mechanism explaining differences in mineral soil C stocks is deemed to be tree 
species-related differences in root biomass and its turnover. Temperate climate 
regions are known to have a similar C input through root biomass as aboveground 
C input through litter fall (Kleja et al. 2008) and to have significant higher below- 
ground biomass of broadleaf trees compared to coniferous trees (Finer et al. 2007). 
Furthermore, the C released by root litter and exudates is more stable than C that 
entered the soil by aboveground litter input (Crow et al. 2009). 

The tree biomass was of minor importance explaining differences in C stocks and 
C stock changes of the organic layer (Fig. 6.10). Carbon stocks in the organic layer 
only slightly increased with tree biomass and accompanied increase of forest stand 
age. In contrast to our results, most of the studies could hardly reveal differences in 
C-related litter input of various tree species. Therefore in their studies, direct effects 
on organic layer C stocks could not be proved (Binkley and Valentine 1991; Trum 
et al. 2011; Vesterdal et al. 2008). Organic matter decomposition and turnover 
depend on the activity of decomposers which in turn is controlled by climate 
and/or forest management (Augusto et al. 2002). Higher tree biomass likewise is 
accompanied by a recovery of the site since the last forest management activity. A 
long-lasting period without disturbances due to forest management might thus favor 
accumulation of C (Schulze et al. 1999). Growing and yield charts suggest a 
decrease of forest stand productivity of aged stands resulting in steady-state equi- 
librium after decades. Studies on coniferous forests also showed an increase of 
organic layer mass with increasing forest stand age developing steady-state equilib- 
rium after several decades (Bóttcher and Springob 2001). The age class distribution 
of forest stands illustrates that in our study the major part of forest stands are rather in 
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a growth period than in steady-state equilibrium. In contrast to the organic layer, we 
could not find a relation between tree biomass and C stocks for the mineral soil 
(Fig. 6.11). Investigations about effects of forest stand age, which is proportional 
related to coarse wood volume, revealed marginal correlations with C stocks 
(Bóttcher and Springob 2001). Furthermore, based on yield charts, it can be derived 
a higher tree biomass of stands similar in age for coniferous than for broadleaf trees 
indicating that revealed effects might also be induced by differing tree species. This 
is supported, e.g., by a higher C accumulation of organic layers in coniferous forests 
compared to broadleaf forest. The negative relation between coarse wood volume 
and C stock changes in mineral soil is attributable to the fact that sites with high C 
stocks are established at soils from weathered carbonate rocks, loamy soils of the 
lowland, or soils of broad river valleys usually planted with broadleaf trees, whereas 
low C stocks can be found in soils from both base-poor unconsolidated sediment and 
bedrock usually planted with coniferous trees. Furthermore, soils under older forest 
stands may be rather in steady state of C input and output than soils under younger 
forest stands that have greater potential to fix C, and this difference may be attributed 
to a loss of organic matter following management disturbance (Covington 1981). 


6.5.2 Atmospheric Nitrogen Deposition 


A previous NFSI report discussed imbalances between pH value, C/N ratio, and 
humus forms that were attributed to atmospheric deposition of N (Wolff and Riek 
1996). By implementing NFSI data into SEM, it could be shown that organic layer C 
stocks were positively correlated with N deposition, while organic layer C stock 
changes showed no response to N deposition (Fig. 6.11). More complex relations 
showed that both C concentrations and C stock as well as C stock changes in the 
mineral soil were affected by N depositions. This can be explained by the fact that 
the additional available N potentially increases the forest stand growth rates which in 
turn are likely to cause an accumulation of organic matter by enhanced biomass input 
into the soil. Furthermore, the oversupply of N stimulates microorganisms 
decomposing less C to receive sufficient nutrients. Long-term experiments in tem- 
pered and northern hardwood forest soils revealed a decrease in soil respiration 
under enhanced N deposition (Bowden et al. 2004; Burton et al. 2004). The positive 
relation between N deposition and C stocks and C stock changes revealed in the 
SEM might also be caused by collinearity with the data used for modelling N 
deposition especially for interactions of N deposition with height above sea level, 
geographical position, or forest stand type. 
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Fig. 6.15 Depth distribution of the annual organic carbon stock changes of (a) limed and (b) not 
limed sites sensitive to soil acidification as well as (c) sites both not limed and not sensitive to soil 
acidification. Asterisks indicate significant differences based on a one-sample t-test with HO: 
0 (p < 0.05) 


6.5.3 Forest Liming 


The 1st NFSI report indicated a nationwide soil acidification widely independent 
from soil parent material (Wolff and Riek 1996). The consequences of soil acidifi- 
cation are manifold for eco-systematic functions of forests. Concepts for forest 
liming that consider specific site conditions were developed for an efficient and 
long-lasting regeneration of essential soil functions. The identified sites sensitive to 
soil acidification comprise sites that are suitable to lime according to specific liming 
concepts (see Chap. 2). Altogether, 749 out of 1859 survey plots of the NFSI were 
identified as sites sensitive to soil acidification including at least 385 survey plots 
limed since the 1st NFSI. 

The results showed relations between liming and C stocks in the organic layer and 
mineral soil. We found in the organic layer at limed sites a significant decrease in C 
stock changes of 0.19 + 0.05 Mg ha” year! (Fig. 6.152). Increasing C stock 
changes of the organic layer were detected for not limed but sensitive sites to soil 
acidification with 0.06 + 0.08 Mg ha! year ! (Fig. 6.15b) and for not limed sites not 
sensitive to soil acidification with 0.11 + 0.04 Mg ha^! year ! (Fig. 6.15c) sensitive 
to soil acidification. Taking the mineral soil into account, C stocks at limed sites 
increased significantly by 0.25 + 0.04 Mg ha! year! in 0-5 cm, by 
0.12 + 0.02 Mg ha'! year! in 5-10 cm, by 0.36 + 0.05 Mg ha'! year! in 
10-30 cm, and by 0.11 + 0.05 Mg ha! year ! in 30-60 cm since the 1st NFSI. 
The gain of C in mineral soil thus offsets clearly the loss of C in organic layer. In 
respect to C stocks of the 1st NFSI, total soil organic C stocks throughout the whole 
soil profile showed a net increase of -9%. A significant increase of 
0.11 + 0.05 Mg ha’! year"! in 0-5 cm, of 0.07 + 0.02 Mg ha™' in 5-10 cm, and 
of 0.22 + 0.06 Mg ha’! in 10-30 cm was also found at not limed forest sites sensitive 
to soil acidification. The increase, however, was less distinct as for the limed sites 
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Table 6.4 Results of analysis of covariance (ANCOVA) testing effects of clay content, temper- 
ature, and liming on organic carbon stock changes in the organic layer 


Variables DF MSE (type III) F value p value 

Clay content 1 18.800 17.02 «0.0001 
Temperature 1 26.552 24.04 <0.0001 
Liming 1 0.004 0.04 0.8433 
Clay content*temperature 1 21.680 19.63 <0.0001 
Clay content*liming 1 1.437 1.30 0.2544 
Temperature* liming 1 0.239 0.22 0.6422 
Clay content 1 18.800 17.02 <0.0001 


DF degrees of freedom, MSE mean square error 


and the C change of the soil profile since the 1st NFSI has totally increased by ~6%. 
Annual C stock changes of sites not sensitive to soil acidification showed significant 
increases in the organic layer of 0.11 + 0.04 Mg ha! year ! and in the mineral soil of 
0.23 + 0.03 Mg ha’ year in 0-5 cm, of 0.16 + 0.02 Mg ha” year’ in 5-10 cm, 
and of 0.20 + 0.04 Mg ha^! year"! in 10-30 cm. The annual C stock changes were 
not significant in the subsoil (below 30 cm soil depth). 

To exclude interactions with factors affecting C stock changes within the sites 
sensitive to soil acidification, multivariate analyses of covariance (ANCOVA) were 
performed for the organic layer as well as for the mineral soil (0—30 cm). We used for 
the organic layer the input variables liming, clay content (representing site proper- 
ties), and temperature (representing climate). The ANCOVA revealed a clear influ- 
ence of clay content and temperature on C stock changes in the organic layer 
(Table 6.4). The SEM in contrast has illustrated no temperature effects. On the 
other hand, the results of the ANCOVA showed an interaction between clay content 
and temperature. The differing results pointed out that C stock changes of the 
organic layer depended on soil parent material, although strength and direction of 
the relation were controlled by averaged mean temperature. No evidence was found 
for an influence of liming on C stock changes by multivariate analysis. 

The SEM for mineral soil exposed effects of clay content and N deposition on C 
stock changes. This result was verified by ANCOVA in respect to effects of liming 
exclusively with the data from sites sensitive to soil acidification. The ANCOVA 
revealed direct effects of liming, while the influence of clay content and N deposition 
was not significant (Table 6.5). There were, however, significant interactions 
between clay content and liming as well as between clay content and N deposition. 
These findings indicated that liming favors the accumulation of C in mineral soils, 
strength, and direction, however, was depending from clay content and/or N depo- 
sition. The SEM supported the results of the ANCOVA revealing indirect positive as 
well as direct negative interdependences. The multivariate analysis also demon- 
strated that limed sites with low clay content accumulated high amounts of C, 
while limed sites with high clay concentrations tended to lose C. Similar results 
were found for N deposition where sites with high depositions sequestered C, while 
sites with low depositions were affected by a loss of C. This suggests that limed sites 
that are characterized by high N deposition are different in turnover and 
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Table 6.5 Results of analysis of covariance (ANCOVA) testing effects of clay content, temper- 
ature, and liming on organic carbon stock changes in the mineral soil down to a depth of 30 cm 


Variables DF MSE (type III) F value p value 
Clay content 1 6.213 2.77 0.0966 
N deposition 1 0.107 0.05 0.8273 
Liming 1 16.030 7.14 0.0077 
Clay content*N deposition 1 5.887 2.62 0.1058 
Clay content*liming 1 17.091 7.61 0.0059 
N deposition* liming 1 11.839 5.27 0.0219 


DF degrees of freedom, MSE mean square error 


decomposing soil organic matter as sites that are either exclusively limed or affected 
by high N deposition. Especially not limed sites close to arable land or to road traffic 
might be affected by higher N inputs. 

The calcium applied by the lime plays an important role in forest ecosystems and 
therefore can affect directly C pools and fluxes. The loss of C of limed organic layers 
compared to organic layers not limed may be caused by changes in the microbial and 
faunal composition and function. It is known that the microbial activity (Illmer and 
Schinner 1991; Andersson and Nilsson 2001) and the earthworm abundance 
(Hobbie et al. 2006; Reich et al. 2005) are stimulated when the pH value and calcium 
concentrations increase. The increasing C sequestration rate of the mineral soil on 
limed sites can be attributed to an enhanced calcium availability through the 
application of lime, which may reduce the dissolution and mobility of dissolved 
organic matter by forming cation bridges (Oste et al. 2002). These cation bridges are 
thought to stabilize soil organic matter and reduce decomposition which in turn 
causes enhanced retention of soil organic matter. Studies about effects of liming on 
soil respiration have observed a decline in respiration after an initial enhancement 
period to a few years post-liming (Illmer and Schinner 1991; Melvin et al. 2013; 
Groffman et al. 2006). On the other hand, observations of increased decomposition 
with liming have been reported in various studies (Baath and Arnebrant 1994; Priha 
and Smolander 1994). Nevertheless, reasons for these differential responses remain 
unclear. A reduction of soil respiration indicates that liming is affecting relations 
between microbial communities and the organic matter mineralized. Changes in 
microbial communities by liming may cause changes of recalcitrance of produced 
soil organic matter or physical stabilization of soil organic matter. 


6.6 Summary and Conclusions 


The analysis of the data from NFSI revealed a C sequestration rate of 0.75 Mg ha ! in 
the organic layer and the mineral soil down to 90 cm for the time period between the 
inventories. Especially the organic layer and depth increments down to 30 cm depth 
showed an increase, while in the subsoil (below 30 cm soil depth), changes were 
marginal. With respect to climate protection policy, the sequestration of atmospheric 


6 Carbon Stocks and Carbon Stock Changes in German Forest Soils 193 


C as stable long-lasting soil organic matter is of interest due to the fact that our 
subsoils alone stored 25% of total C stocks. Carbon stocks of the organic layer and 
the mineral soil down to 90 cm totaled to 117.1 Mg ha’ in 2006, of which 17% of 
organic C was stored in the organic layer and 58% in the upper 30 cm of the 
mineral soil. 

The results showed that the variation of C stocks in the organic layer was 
especially controlled by tree species as soils under broadleaf trees stored less C in 
the organic layer than soils under coniferous trees. In contrast, tree species effects on 
C stocks of mineral soil were comparatively less pronounced. This may be explained 
by both differences in litter acidity and nutrient availability. Sites with broadleaf 
trees may store more C in subsoil compared to sites with pine and spruce trees and 
are therefore predestined for long-term C sequestration. This is probably due to the 
fact that there is under broadleaf and mixed forests a higher input of fairly stable 
organic matter to deeper soil horizon by deeper rooting trees, a higher biological 
activity, and/or less disturbance of the soil caused by more stable stands. Soil C 
stocks are furthermore affected by site conditions and the resulting soil texture. An 
effective selection of tree species combined with specific site conditions may 
therefore enhance C sequestration of mineral soils. This can probably be facilitated 
by establishing conifer mixed forests or by specific placements of broadleaf tree 
species in pure coniferous stands especially on soils derived from unconsolidated 
sediments and/or on soils derived from base-poor bedrock. Besides the analysis of C 
input and output (mineralization, leaching, etc.), the quantitative estimation of soil 
organic matter stabilization has to be investigated in more detail to understand 
processes of C sequestration in forest soils. 

In explaining more or less large-scaled patterns of changes in soil organic C 
stocks, various regional factors have to be considered. Wide areas of the Northern 
German Lowland are characterized by weakly developed sandy soils derived from 
pre-Pleistocene sediments that were depleted of soil organic matter by extensive 
overuse. The site quality, however, has improved by reversing the degradation of 
conscious forest management since NFSI I. In particular cases it can be assumed that 
rather locally effective processes are crucial in explaining C stock changes. The 
increase or decrease of C stocks in the organic layer and mineral soil can be 
controlled by forest management such as forest liming, tree species selection, and 
forest conservation. Besides natural environmental effects of soil parent material, 
texture, and increasing climate-induced water stresses, the pathway analysis revealed 
additional specific effects of N deposition on C stock changes. Furthermore impor- 
tant is the canopy uptake or the proximity to arable land in respect to the total 
deposition. Nevertheless, both factors could not be integrated in the model and have 
to be disregarded. In general, terrestrial ecosystems respond to enhanced N deposi- 
tion when they are N limited. The additional N has the potential to increase 
sequestering C by an increase in productivity and accumulation of soil organic 
matter through increased litter production. Carbon accumulation through N deposi- 
tion may also be due to increased recalcitrance of N-enriched litter and decreased soil 
respiration, both leading to reduced long-term decomposition rates of organic matter. 
Furthermore, modelling N input is affected by covariance, e.g., between climate and 
N deposition, because the amount of N deposed at a site depends on in situ 
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precipitation. The relationship between climate variables and N deposition could be 
further assessed by simultaneously measuring N stocks and fluxes when aspects of 
climate and deposition may be recorded separately as conducted by the intensive 
(Level IT) monitoring. 

Besides timber harvest and decommissioned forests, a further aspect discussed in 
forest ecology is the application of lime to reduce negative consequences of atmo- 
spheric deposition of acids. Our results showed that liming may affect C cycling in 
forest ecosystems as C stocks increased in mineral soil, while a loss of C was 
observed in the organic layer. In literature various results have been discussed in 
light of the impact of liming on soil organic C cycling in forest ecosystems. Recent 
research showed that soil respiration was both stimulated and inhibited by forest 
liming depending on various environmental conditions. Further research is needed to 
identify the most important factors affecting turnover of soil organic matter in 
respect to the impact of forest liming especially on dynamics of microbial commu- 
nities as well as on recalcitrance and stabilization of soil organic matter. A prolonged 
impact on C sequestration and N retention is expected considering Germany 
received a long-term and area-wide, largely substrate-independent acidification 
and soil depletion through atmospheric inputs of acids. From this point of view, 
more detailed research is needed studying effects of the application of cations by 
liming on C pools and fluxes in forest ecosystems. 
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7.1 Introduction 


From a scientific perspective, heavy metals are metals with a density >5 g cm ^. In 
this section, the term “heavy metals" includes the elements arsenic (As), lead (Pb), 
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), mercury (Hg) and zinc 
(Zn); chemically, arsenic is considered a semimetal. 

Heavy metals occur naturally in the geosphere at highly variable concentrations. 
Concentrations vary primarily as a function of the mineral composition of the parent 
rock. Elements with geogenically elevated concentrations are principally found 
where there is solid bedrock. In Germany, geogenically elevated element concen- 
trations are present in particular where soils are found on periglacial sites over basic 
magmatic and metamorphic rock (Cr, Ni, Cu, Zn), clay (especially Liassic clay) (As, 
Cd, Cr, Cu, Ni, Pb, Zn), acidic metamorphic rock (Cu, Ni) and mica slate (Cr, Cu, 
Ni, Zn), as well as carbonate rocks as a result of accumulation of residual clay in terra 
fusca-type soils. The subsoil and bedrock layers that have little loess concentration 
contain higher concentrations of the elements compared to the topsoil; in particular 
for Cr and Ni in areas with basic magmatic and metamorphic bedrock, these 
elements then significantly trace into the topsoil (Utermann et al. 2006). 

Due to the action of trees in filtering out airborne pollutants (the 
" Auskàmmeffekt"), heavy metal loading from the atmosphere is especially high in 
the soils under forest. On both regional and national scales, this effect can lead to a 
significant change of the natural heavy metal concentrations in soils. Regionally high 
concentrations of heavy metals are found in particular in areas leeward of large 
centres of heavy industry, such as in North Rhine-Westphalia, due to long-term 
emissions from industry (Gehrmann 2013). Although pollutant emissions from 
factories and steel processing plants have now been reduced considerably, the 
resulting loads in the soils will persist for many decades because heavy metals are 
not biodegradable and migrate relatively slowly through soil. Patterns of topsoil 
loading across the country are apparent especially for lead, as this element was 
released diffusely and ubiquitously through burning of leaded fuels for decades up 
until 1988. As a result, there are elevated levels of lead in the soils under forests of 
the low mountain ranges throughout Germany (BGR 2016). 

In addition to inputs of heavy metals from industrial emissions and traffic 
exhaust, mining of metal ores and the associated metallurgy have also deposited 
significant loads in the soils of regions such as the Harz Mountains, Mansfeld Land, 
the Rhenish Slate Mountains or the Erzgebirge (Wippermann 2000). In many cases, 
former waste and slag heaps in these regions are protected, as heavy metal sites are 
listed in Annex 1 of the FFH Directive (Habitats Directive) (habitat type 6130, 
metallophyte grasslands of the Violetalia calaminariae) and represent a federally 
protected biotype according to $ 30 BNatSchG (Nature Protection Act). If these sites 
had no metallophytes and were left to themselves, over time and through processes 
of natural succession, they would develop into forested sites with substantial heavy 
metal contamination (Knolle et al. 2011). 
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At low concentrations, some of the heavy metals (e.g. Cu, Zn) can be essential 
nutrients and therefore have nutritional value. At higher concentrations, the metals 
have toxic effects for both ecosystems and humans (Ohnesorge and Wilhelm 1991; 
Wilke et al. 2003). Other heavy metals (e.g. Cd, Pb, Hg) are only known to have 
toxic effects (Litz et al. 2015). In the geosphere, the ecotoxicological effects of the 
heavy metals are present only when the metal is in a bioavailable form, either 
dissolved in soil solution or bound to the solid phase of the soil. The heavy metal 
concentrations discussed in this section have been extracted from soil using a strong 
acid ("aqua regia") and hence represent the total heavy metal concentration. This 
includes the fraction that is not bioavailable or cannot be displaced; consequently, 
conclusions based on this database are limited with respected statements about 
effects. In general, with the exception of the elements that are more likely present 
in the soil in anionic form (e.g. As), the heavy metals tend to be more mobile/ 
bioavailable at lower pH values in the soil. Hence, higher heavy metal concentra- 
tions in forest soils, where pH is typically significantly lower compared to agricul- 
tural sites, present a higher risk for both the biosphere and in terms of displacement 
into groundwater. Different heavy metals are absorbed to different extents by 
mineral surfaces and, depending on pH, can also precipitate as low solubility oxides, 
hydroxides or carbonates or in other forms. The degree of absorption tends to follow 
the sequence Cd, Zn « Cu « Ni, Cr « Pb. The ability of heavy metals to form 
complexes with humic substances is also variable: Cd and Zn form only weak 
complexes, while Pb, Cr, Ni and Cu form stable complexes, with Cu binding more 
strongly to low molecular weight humic substances and Pb to higher molecular 
weight substances (Kónig et al. 1986). Thus, both absorption and the tendency to 
form complexes depend on pH, and both factors affect the rate of displacement of 
heavy metals into groundwater. 

The datasets from the NFSI I are limited nationally to analyses of heavy metal 
concentrations in the organic layer. In the NFSI II, heavy metal concentration was 
measured in the first two depth levels (0-5, 5-10 cm) of the mineral soil at all sample 
plots and over the entire depth profile at selected sites. Comparative analyses 
between the NFSI I and NFSI II are thus possible at a national level only for the 
organic layer. For this reason, data from North Rhine-Westphalia are used by way of 
example for the mineral soil, because in this state heavy metal concentrations were 
measured in the first two depth increments of the mineral soil in both inventories. 


7.2 Heavy Metal Stocks in the Organic Layer 
and Mineral Soil 


7.2.1 Status and Depth Gradients 


Figures 7.1 and 7.2 present boxplots illustrating the depth gradients (organic layer, 
0—5, 5-10 cm) for the stocks of all heavy metals analysed for NFSI II as well as in 
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Fig. 7.1 Depth gradients of stocks for the elements (a) copper (Cu) and arsenic (As), (b) lead 
(Pb) and zinc (Zn) for the organic layer and the first two mineral soil increments (0-5, 5-10 cm) 
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Fig. 7.2 Depth gradients of stocks for the elements (a) cadmium (Cd) and mercury (Hg), (b) nickel 
(Ni) and chromium (Cr) for the organic layer and the first two mineral soil increments (0-5, 5-10 cm) 
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case of organic layer the stocks of NFSI I for the elements Pb, Cd, Cu, Cr, Ni and Zn. 
Unless otherwise specified, means or comparisons of middle values are in relation to 
the median. The elements with data from the NFSI II encompassed all depth levels. 
In the NFSI I, only the data for the organic layer can be considered as this inventory 
did not measure heavy metals for the mineral soil layer throughout Germany. Two 
heavy metals are shown in each figure; the pairings are based on comparable stocks 
for the elements. 

In terms of stocks, all the heavy metals studied have a right-skewed distribution 
since all elements have a few very high measurements. The upper quartile and upper 
whisker are therefore considerably farther from the median than are the lower 
quartile and lower whisker. For the same reason, the arithmetic mean for all heavy 
metals is greater than the median (Figs. 7.1 and 7.2). The magnitudes of the values 
and the depth profiles differ for each element; usually, the stocks in the organic layer 
are lower than that in the mineral soils because the organic layer is lacking the 
geogenic components. The lowest stocks both in the organic layer and in the mineral 
soil layers were found for Hg and Cd (NFSI IL; organic layer; median; Cd, 
0.02 kg ha^'; Hg, 0.01 kg ha^) (Fig. 7.2), followed by As and Cu (NFSI II; organic 
layer; median; As, 0.14 kg ha’; Cu, 0.63 kg ha!) (Fig. 7.1) and Ni and Cr (NFSI II; 
organic layer; median; Ni, 0.34 kg ha’; Cr, 0.43 kg ha!) (Fig. 7.2). The highest 
stocks were documented for Pb and Zn (NFSI IL; organic layer; median; Pb, 
2.58 kg ha '; Zn, 2.86 kg ha!) (Fig. 7.1). The elements Ni, Cr and As have 
significantly lower stocks in the organic layer compared to the mineral soil, which 
points to a source that is primarily geogenic. For As, it is important to note that this 
element is present in an anionic form and therefore is only weakly bound in the 
organic layer, and rapid deposition into the mineral subsoil is possible. The elements 
Ni, Cr, As and Zn have the highest stocks at 5-10 cm, which (except in the case of 
As) is further evidence in support of an origin that is primarily geogenic. In contrast, 
the elements Pb and Hg have the highest stocks at 0-5 cm and decrease at the 
5-10 cm depth, which suggests a significant anthropogenic impact (atmospheric 
sources) on the heavy metal stocks arising from geogenic processes. This trend is 
less obvious for Cd and Cu, which on average have similar inventories in the 0-5 cm 
and 5-10 cm layers. 

In general, the stocks in the organic layer decreased for all heavy metals between 
NFSI I and NFSI II; there was particularly clear decline for Pb. The mean (arithmetic 
mean) decrease is significant for all the heavy metals analysed (Pb, Cd, Cu, Cr, Ni, 
Zn) (see Sect. 7.2.3). 

In the following sections, the results for Pb and Ni are used by way of example to 
highlight and elucidate one element that is characterised by a more anthropogenic 
influence (Pb) and one that is more geogenic (Ni). Nevertheless, all heavy metals are 
discussed in the analyses. If an element features a deviation from the typical pattern 
exemplified by Pb or Ni, this case is explained in more detail. 
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Fig. 7.3 Distribution of specific heavy metal stocks in the organic layer into six percentile classes 
for the forest soils of Germany using lead as an example 


7.2.2 Spatial Distributions 
7.2.2.1 The Organic Layer 


The spatial distribution of heavy metal stocks in the organic layer is shown in 
Fig. 7.3 using Pb as an example. In the map, specific stock values are classified 
into one of six percentile groups. The difference between the stocks for the individ- 
ual elements is comparatively low, as the levels of heavy metals are determined to a 
large extent by the stock levels of organic matter in the organic layer. Section 7.3 
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Fig. 7.4 Lead stocks 40 
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therefore addresses the differences in heavy metal concentrations in the organic 
layer. 

The relationship between the amount of humus and heavy metal stock also 
becomes apparent in comparing with humus stocks (see Chap. 5). Hence, the thick 
organic layer of the acidic soils in the low mountainous regions (e.g. the Harz, 
Hunsrück, Thuringian and Bavarian forests) has significantly higher heavy metal 
stocks than do the calcareous regions with relatively thin organic layers (e.g. the 
Swabian and Franconian mountains and the hills of Lower Saxony). The soils of the 
lowlands of northern Germany have a greater small-scale variability of heavy metal 
stocks in the organic layer compared to sites in the low mountainous regions. 
Figure 7.4 shows the relationship between heavy metal stocks in the organic layer 
and the humus stocks using Pb as an example. The figure highlights the difference 
between regions with thinner organic layers and lower heavy metal levels in contrast 
to regions with thicker layers of humus and higher heavy metals stocks. For all heavy 
metals, the increase in the stocks thus follows the sequence MU « MOM « MOT « 
MR « RO. 


7.2.2.2 Mineral Soil Layers 


Compared to the levels in the organic layer, the heavy metal stocks in the mineral 
topsoil are much more strongly characterised by the heavy metal concentrations. 
This is understandable since the dry bulk density, with the exception of the organic 
soils, varies within a much narrower range compared to the concentrations of heavy 
metals. This can be clearly seen by comparing Figs. 7.5 and 7.17 with Ni as the 
example element. 

The Ni stocks in the upper mineral soil layer (0—5 cm), like the stocks for Cr and 
Zn, which show a very similar distribution, feature a distinct dichotomy across 
Germany. While the lowlands of northern Germany have a clear predominance of 
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Fig. 7.5 Distribution of specific heavy metal stocks in the first layer of the mineral soil into six 
percentile classes (map volume Table II-6-50) for the forest soils of Germany using nickel as an 
example 


sites with distribution of the element in the “lower” classes (0-10%, 10-25% and 
25-50%), locations in southern Germany (low mountain ranges, alpine foothills, 
mountains) are mostly in the higher classes (50-75%, 75-90% and 90-100%). The 
mineral soils of forested areas in the Palatinate Forest, in Odenwald/Spessart and in 
the northern regions of the Black Forest have lower stocks (and also concentrations) 
than other low mountain forests (Fig. 7.17). This is consistent with the distribution 
of background values of Ni in the topsoil documented in the Soil Atlas of 
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Germany (BGR 2016), although with higher classes for locations in the Erzgebirge, 
in the Süderbergland and in places in the hills of Schleswig-Holstein. 


7.2.3 Changes in Heavy Metal Stocks 


The differences in heavy metal stocks in the organic layer between NFSI I and NFSI 
II are calculated based on the collective of paired samples. Because no paired 
measurements are available for As and Hg, differences cannot be determined for 
these elements. The time span between NFSI I and NFSI II varies between the 
respective sites. Whereas in most cases the time span accounts for about 17 years, it 
is less than 10 years for 94 sites. 

Table 7.1 shows the change in heavy metal stocks in the organic layer between 
NFSI I and NFSI II for the entire country. It is apparent that the stocks of all the 
heavy metals measured (Pb, Cd, Cr, Cu, Ni, Zn) and the humus stock have declined. 
The largest decrease was documented for Pb, at —33%, while Cd, Cr, Cu and Ni are 
all at about —20%. Relative to the other heavy metals, the decline for Zn is lowest 
(—11%). Overall, the declines of the heavy metals exceed the decrease in the humus 
stock, which on average is only —2%. 

Figure 7.6 illustrates the change in heavy metal stocks between NFSI I and NFSI 
II in g ha^! year"! differentiated by humus type, using lead as the example. The 
pattern shown is similar for all the heavy metals (Cd, Cr, Cu, Ni, Zn). The scatter of 
absolute differences in heavy metal stocks between NFSI I and NFSI II diminishes 
with decreasing thickness of the humus type (MU « MOM « MOT « MR « RO). 
This result is based on the fact that heavy metal stocks are generally higher in thicker 
humus types. On average, the heavy metal stocks in the organic layer decreased most 
strikingly from NFSI I to NFSI II in the humus type MOM (Pb: —96.3 g ha! year’). 
In general, thinner sections of the organic layer (MU, MOM) showed decreases in 
heavy metals, while thicker organic layers (RO) instead showed an increase in heavy 
metals. 

The difference in heavy metal stocks and the organic layer per year relative to the 
total stock for each humus type is shown in Fig. 7.6 using Pb as the example. This 


Table 7.1 Average stocks (kg ha ') of the heavy metals in the organic layer and the humus stocks 
in the paired sample collective dataset for NFSI I and NFSI II as well as differences and changes (%) 


Organic layer 


Median NFSI I 4.49 0.024 0.67 0.83 0.48 3.22 47,909 
Median NFSI II 3.01 0.019 0.52 0.68 0.39 2.86 47,024 
NFSIIL- NFSII |—1.47 | —0.005 0.14 0.15 0.09 0.36 |—885 
Change (96) —33 —20 22 18 20 11 —2 

n 1183 1091 520 1183 551 1183 1224 
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Fig. 7.6 Change in lead 
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figure clearly illustrates that separation according to humus type makes the scatter of 
the differences comparable. The differences in stocks correlated with humus type, 
with greater declines in stock in thinner humus types (Pb, MU -5.0%, MOM 
—4.2%) and slight increases in stock in thicker humus types (Pb, RO 0.9%). The 
decrease in heavy metal stocks in the humus types MU and MOM indicates a decline 
of atmospheric inputs of heavy metals in the period between NFSI I and NFSI II, 
since these humus types (as a result of their rapid mineralisation) have been 
completely reconditioned and accordingly reveal the current (at the time just prior 
to NFSI II) status of heavy metal input. As a whole, the decrease in heavy metal 
stock is more marked than the decrease in humus stock, and the increase in heavy 
metal stocks is less than the increase in humus stock. This result is further evidence 
to support the observation that the change in heavy metal stocks cannot be attributed 
solely to the change in humus stock; instead, an additional translocation of heavy 
metals into the mineral soil and/or a reduction of atmospheric deposition have taken 
place. This is most apparent for Pb (Fig. 7.7), Cr and Ni and to a lesser extent for Cu 
and Zn. This result is weakest for Cd (Fig. 7.8). 

The decrease in atmospheric deposition of heavy metals in the period between 
NFSII and NFSI II apparent in the change in heavy metal stocks in the organic layer 
is confirmed in Figs. 7.9 and 7.10 for Pb and Cd. These figures illustrate the clear 
decrease in inputs of Pb and Cd, differentiated by tree species and area, in 20 sample 
sites in Lower Saxony and Hessen between 1982 and 2014. The total inputs (canopy 
drip + litterfall + stemflow) are between 30 and 50% higher than inputs from canopy 
drip alone (Keuffel-Türk et al. 2012). 
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Fig. 7.7 Change in stock 
between NFSI I and NFSI II 
per year [% of the NFSII 
content] for the humus 
content and lead in relation 
to humus type. Nine sites 
with a change in lead stock 
per year 710096 were 
removed as outliers. MU 
mull, MOM mull-like 
moder, MOT typical moder, 
MR mor humus-like moder, 
RO mor humus 


Fig. 7.8 Change in stock 
between NFSI I and NFSI II 
per year [% of the NFSI I 
content] for the humus 
content and cadmium in 
relation to humus type. 
Three sites with a change in 
cadmium stock per year > 
100% were removed as 
outliers. MU mull, MOM 
mull-like moder, MOT 
typical moder, MR mor 
humus-like moder, RO mor 
humus 
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7.2.3.1 Impacts of Liming on Changes in Heavy Metal Stocks 
in the Organic Layer 


Figures 7.11 and 7.12 illustrate the effect of liming on the heavy metal stocks in the 
organic layer. Depending on the humus type, liming the organic layer causes the 
humus stocks to decompose or negatively impacts the formation of humus by 
moving the organic substances into the upper layers of the mineral soil (see 
Chap. 6). The effect of heavy metal depletions is somewhat enhanced by liming. 
Hence, liming tends to reduce the heavy metal stocks in the organic layer. This 
applies to almost all the elements to the same extent but is somewhat more pro- 
nounced in thicker humus types such as mor humus. For lead, the effect of liming is 
weakest in mor humus, which may be related to the strong affinity of lead to form 
complexes and the simultaneous increase in pH. 
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Fig. 7.9 Lead input with canopy drip for 20 sites in Lower Saxony and Hessen: red, beech stands 
(BU); blue, spruce stands (FI); grey, pine stands (KI); yellow, oak stands (EI); locations: AU 
Augustendorf, FOD Fürth/Odw, GW Göttingen Forest, HRI Hessian Ried, LB Lange Bramke (KA, 
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Fig. 7.10 Cadmium input with canopy drip for 20 sites in Lower Saxony and Hessen: red, beech 
stands (BU); blue, spruce stands (FD; grey, pine stands (KI); yellow, oak stands (EI); locations: AU 
Augustendorf, FOD Fürth/Odw, GW Góttingen Forest, HRI Hessian Ried, LB Lange Bramke (KA, 


ridge; NH, northern slope), WIZ Witzenhausen, EH Ehrhorn, SPE Spessart, ZIE Zierenberg, KR 
Krofdorf, KST Kónigstein 
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Fig. 7.11 Change in stock between NFSI I and NFSI II per year [% of the NFSI I stock] for the 
humus content and lead in relation to humus type and separated by sites that were limed or not. Nine 
sites with a change in lead stock per year > 100% were removed as outliers. MU mull, MOM mull- 
like moder, MOT typical moder, MR raw humus-like moder, RO raw humus 
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Fig. 7.12 Change in stock between NFSI I and NFSI II per year [% of the NFSI I stock] for the 
humus content and cadmium in relation to humus type and separated by sites that were limed or not. 
Three sites with a change in cadmium stock per year > 100% were removed as outliers. MU mull, 
MOM mull-like moder, MOT typical moder, MR mor humus-like moder, RO mor humus 


7.2.3.2 Inventory Changes in the Soil (Organic Layer and Topsoil) 
Using the NFSI Plots in North Rhine-Westphalia 


Interpretation of the changes in heavy metal stocks between NFSI I and NFSI II must 
also consider the changes in the mineral soil layers. Although data on heavy metal 
stocks in the mineral soil for the entire country are available only for NFSI IL in 


212 J. Utermann et al. 


North Rhine-Westphalia, these analyses were conducted for both NFSI I and NFSI 
II. Therefore changes in the heavy metal stocks between NFSI I and NFSI II can be 
explored for the mineral soil in this state. 

Sampling for NFSI II in North Rhine-Westphalia consisted of a nationwide 
8 x 8 km grid consolidated to 4 x 4 km squares in the lowland forests and in the 
Egge forested hills. Oriented on the middle inventory year of NFSI I and NFSI II, the 
comparisons below relate to a span of 17 years. 

The humus stocks in the organic layer and in the mineral soil layers that had been 
measured directly in NFSI I and NFSIII were used as the basis for stock calculations. 
However, the quantity of fine soil in the mineral soil was determined only once for 
each inventory plot (NFSI I) and was then assumed as a constant in the comparisons 
of stocks. 

Heavy metal stocks in the organic layer declined in the period between invento- 
ries for all elements (Table 7.2). The most distinct changes were observed for Pb and 
Hg. Mean stocks compared to NFSI I dropped by 59% for Pb and 51% for Hg. 
Stocks of the remaining heavy metals dropped over the same period by 3396 for Cd 
and 46% for Cr, while the humus stock decreased by only 17% over this period. 

Statistically, the changes in heavy metal stocks (arithmetic mean) were compared 
in two-way Gauss's test for stratified samples to better assess the signal strength of 
the changes after the first repeat of the inventory. With this test, the decrease in heavy 
metal stocks in the organic layer can be confirmed with a significance level of 196 as 
can the dry substance quantity in the organic layer. 

In the mineral soil depth of 0—10 cm (Table 7.2), the stocks of a few of the heavy 
metals have changed in patterns deviating from the trend in the organic layer. In 
some cases, depletion in the organic layer is tied to an accumulation in the upper 
layers of the mineral soil. This type of shift in concentration to the mineral soil is 
seen for As, Pb, Cu, Hg and Zn. For some, the mean stocks in the 0-10 cm depth 
have increased only slightly by 8% (Cu) and 9% (Pb), whereas Hg increased 
significantly by 41%. At the same time, the decrease seen for Cd and Cr in the 
organic layers was continued in the upper layer of the mineral soil, with decreases of 
— 16% and —14%, respectively, while the mean stocks of As, Ni and Zn showed 
only negligible change in the mineral soil compared to the first inventory. 

The changes in stocks for the mineral soil (arithmetic mean) were not statistically 
significant for As, Cu and Ni. This result is most likely explained by the relatively 
high geogenic components in North Rhine-Westphalia, especially for Ni and As. In 
contrast are the highly significant changes for Cd and Cr that have taken place as a 
result of the decreased atmospheric inputs of these elements into the upper layers of 
the mineral soil. The overall increase in the quantity of humus in the mineral soil has 
had not caused an increase in the stocks of these heavy metals. In contrast, the highly 
significant increase in Pb and Hg in the mineral soil is due to both the influence of 
humus dynamics and the close correlation between the stocks of these heavy metals 
and organic matter. This relationship is further strengthened by inputs of Hg that are 
presumably increasing. The significance level for the slight increase in concentration 
or stocks of Zn in the mineral soil is at 90%. 
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Because of the relatively low quantities of dry matter in the organic layer, the total 
of the stocks in the mineral soil plus the organic layer (Table 7.2) are determined 
primarily by the stocks in the mineral soil. Considering the entire layer from topsoil 
to a depth of 10 cm, based on NFSI II (median), the quantities of heavy metals bound 
in the organic layer make up a maximum of 12% of the total stocks. 

As the comparison of the average total stocks shows, stocks of Pb, Cu, Zn, Ni and 
As in the topsoil have not changed significantly. The quantities of heavy metals that 
have been released from the organic layer are mirrored in the mineral soil to a depth 
of 10 em, with the exception of Hg, Cd and Cr. While the Cr stock decreased by 
13%, the amount of Cd declined by as much as 20%. The change in Hg is most 
striking; for this heavy metal, the increase by 1846 is opposite to the general trend. 
This increase in Hg in the mineral soils clearly exceeds the reduction that was 
documented for the organic layer. 

While the change in the total stocks of Cd, Cr and Hg in the topsoil was significant 
at a 1% level, the changes in Pb, Cu, Zn, Ni and As were not significant. For these 
elements the changes in the organic layer and the mineral soil cancel each other out. 
Thus, most heavy metals have no significant shift within the depth profile into deeper 
mineral soil layers. A slight translocation to the deeper mineral soil layers was 
observed only for Cd, which is a relatively mobile heavy metal. According to the 
data from the NFSI, at this plots an increase in the atmospheric inputs of Hg is 
assumed; however, this conclusion needs to be verified with more data. 


7.3 Heavy Metal Concentrations in the Organic Layer 
and Mineral Soil 


7.3.1 Spatial Distribution 
7.3.1.1 Organic Layer 


The spatial distribution of heavy metals concentrations in organic layer apparently 
differs throughout Germany. In order to help elucidate these differences, the maps 
for Pb and Zn concentrations are compared exemplarily for the total set of heavy 
metals investigated. Unlike the heavy metal stocks in the mineral topsoil (0-5 cm), 
for which there is a clear division in the mapping of the data across Germany (see 
Sect. 7.2.2), the distribution of heavy metal concentrations in the organic layer 
features a smaller-scale variability and hence suggests smaller-scale input pathways. 
For example, for Pb both atmospheric input and direct input from mining activities 
are evident (Fig. 7.13). The Süderbergland located in the leeward side of the 
industrial centres of North Rhine-Westphalia and sites in the higher elevations of 
the central German lowlands (e.g. the Thuringian Forest) are examples of sites with 
the highest Pb concentrations. Considerable impact from mining is evident in the 
Harz region and for As also in the Erzgebirge. The distribution of Cu is similar to that 
of Pb but with a few locations in Hessen and the Nuremburg/Fürth region in higher 
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Fig. 7.13 Distribution of heavy metal content measured in the organic layer into six percentile 
classes for the forest soils of Germany using lead as an example 


percentile classes. Figure 7.14 depicts the distribution of Zn concentrations in the 
organic layer. Elevated Zn concentrations are found in the regions around 
Nuremburg/Fürth and eastwards as far as the Upper Palatinate Forest. Similarly in 
the higher percentile classes are the Zn and also the Cd concentrations in the Alps; in 
contrast, the Cr, Ni and Pb concentrations in the organic layer of the Alps are below 
average. Conspicuously low Zn concentrations were documented in the organic 
layers in sites in north-eastern Germany. The heavy metal concentrations in the 
Black Forest organic layer are also relatively low. 
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Fig. 7.14 Distribution of heavy metal content measured in the organic layer into six percentile 
classes for the forest soils of Germany using zinc as an example 


Heavy Metal Concentrations Differentiated by Organic Horizon 
Figure 7.15 differentiates the heavy metals in the organic layer according to the 
concentration in the organic horizons using principal component analysis. It appears 
that the variance in heavy metal concentrations can be represented well with just two 
components. Component 1 (PC1) and component 2 (PC2) alone explain 66.5% of 
the total variance: PC1 explains 49.0%, and PC2 explains 17.5% of the variance. 
There is clear differentiation by organic layer horizon. From bottom left to top 
right, there is a gradient in the sequence L — L + Of zz Of ~ L + Of + Oh ~ Of + Oh 
— Oh, with a clear distinction between the L- and Oh-horizons and between the 
mixed and Of-horizons. The vectors for As and Pb and somewhat less so for Cu, Cr 
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Fig. 7.15 Principal component analysis (PCA) for heavy metal contents [mg kg !] in the organic 
layer. The element mercury is not shown due to the low number of count sites in the organic layer. 
Organic layer horizons are distinguished by colour. Left: All measurements and the 95% confidence 
regions. Right: Vectors for the heavy metals and 9596 confidence regions 


and Ni correlate with these gradients, whereas the vectors for the elements Cd and Zn 
are orthogonal to the gradients along the organic layer horizons. This means that 
unlike the other elements, Cd and Zn are not differentiated by organic layer horizon. 
The direction of the vectors also indicates that the highest concentrations of the 
elements analysed, other than Cd and Zn, are found in Oh-horizons. This pattern can 
be explained based on the significantly weaker binding of Cd and Zn to organic 
substances in the organic layer. 

Differentiation of the concentrations of Cd and Pb by organic layer horizon is 
shown in Fig. 7.16. As highlighted by the principal components analysis, no 
differentiation is apparent for Cd — the concentrations are all comparably low in all 
horizons; in contrast, Pb concentration is significantly higher in the Oh-horizon. 


7.3.1.2 Mineral Soil 


The distribution of concentrations in the uppermost layer of the mineral soil largely 
corresponds with the stocks distribution (see Sect. 7.2.2). For example, Fig. 7.17 
shows the spatial distribution of concentrations for the element Ni in 0-5 cm of the 
mineral soil. As explained in Sect. 7.2.2, the observed distribution of Ni concentra- 
tions in the topsoil corresponds closely with the distribution of background values 
for Ni in the topsoil (BGR 2016). This result is clear evidence of the influence of the 
parent rock on Ni concentration in the mineral soil; this topic will be discussed in 
more detail in the next section. 
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Fig. 7.16 Differentiation of the contents [mg kg] of (a) cadmium and (b) lead by horizon of the 
organic layer. N — 81 per boxplot 


7.3.2 Influence of the Parent Rock on Heavy Metal 
Concentrations in the Mineral Soil 


One of the most important factors influencing heavy metal concentrations in the 
mineral soil is the parent rock (see Chap. 2). Heavy metal concentrations in the 
mineral soil vary depending on the geogenic base concentration of the parent rock. 
Heavy metal concentrations elevated as a result of geogenic processes occur in 
particular in soils derived from periglacial layers over basic magmatic and meta- 
morphic rock (Cr, Ni, Cu, Zn), clay rock (especially Liassic clay) (As, Cd, Cr, Cu, 
Ni, Pb, Zn), acidic metamorphic rock (Cu, Ni) and mica slate (Cr, Cu, Ni, Zn), as 
well as carbonate rocks as a result of accumulation of residual clay. 

Figures 7.18 and 7.19 depict the differentiation of concentrations by parent rock 
using Pb and Ni as examples. Differentiation of concentrations by parent rock was 
based on the classifications of parent rocks throughout Germany into 16 classes by 
the Federal Institute for Geosciences and Natural Resources (Bundesanstalt für 
Geowissenschaften und Rohstoffe, BGR). Sediments in littoral zones (Unit 1), 
sandy loess (Unit 8) and tephra (Unit 13) are three classes not shown here as they 
have little relevance on a nationwide basis for forested sites. Sediments and alluvial 
soils (Unit 2) are not listed as the heavy metal concentrations of these substrates 
differ considerably depending on region and the source area of the watercourses; 
hence, general conclusions are not valid. Because only the topsoil is considered, till 
and boulder clay with sandy surface layers (Unit 5) are combined with sand and thick 
sandy surface layers (Unit 4) for this analysis. 

In general, when differentiated by parent rock type, concentrations of heavy 
metals that are significantly characterised by anthropogenic processes, such as Pb, 
are strongly overlaid by inputs from emissions. This pattern is also apparent in the 
result that concentrations in the 0—5 cm depth layer always exceed those in the 
5-10 cm depth. This result is particularly obvious for clay soils (Unit 10), where Pb 
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Fig. 7.17 Classification of the measured heavy metal contents in the first layer (0—5 cm) of the 
mineral soil into six percentile classes for the forest soils of Germany using nickel as an example 


as well as As feature the highest concentrations. The explanation lies both in a high 
binding capacity in soils rich in clay as well as the spatial distribution of clay stones 
across Germany. Clay stones are particularly predominant in the Rhenish Slate 
Mountains leeward of the Ruhr district known as an industrial and steel production 
centre, and hence emissions of heavy metals are high. Concentrations that are above 
average on clay soils also include the elements Cu, Cr, Ni and Zn. Cd and Zn are 
highest on carbonate rocks (Unit 9), as these elements are naturally present in this 
rock type and the high soil pH due to the carbonate which favours binding of heavy 
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Fig. 7.18 Lead content [mg Pb kg`'] differentiated by parent rock for the depth increments 0-5 cm 
and 5-10 cm. Numbering units: (3) terrace and gravel sediments, (4) sand and thick sandy surface 
layers plus till and boulder clay with sandy surface layers, (6) till and boulder clay, (7) loess and 
loess derivatives, (9) carbonate rock, (10) clay, (11) sandstone and other silicate rocks, (12) basic 
and intermediate magmatic and metamorphic rock, (14) acidic magmatic and metamorphic rock, 
(15) peat bog, (16) anthropogenic soil 
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Fig. 7.19 Nickel content [mg Ni kg !] differentiated by parent rock for the depth increments 
0-5 cm and 5-10 cm. An explanation of the numbering system for parent rock type is given in the 
caption for Fig. 7.18 
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Table 7.3 Proportion of the variance in heavy metal concentrations explained by the stratum 
parent rock type [R?adj] and F-values and p-values. Mercury is not included in the analysis since 
data was available only for North Rhine-Westphalia, Rhineland Palatinate, Hessen and Saarland 


Parent rock type 
Heavy metal R°adj F-value p-value 
Arsenic 0.34 126.8 <0.001 
Lead 0.25 81.7 <0.001 
Cadmium 0.29 100.9 <0.001 
Chromium 0.47 211.0 <0.001 
Copper 0.33 117.7 <0.001 
Nickel 0.43 182.0 <0.001 
Zinc 0.41 167.2 <0.001 


metals. The elements As, Cr, Cu, Ni and Pb also have above average concentrations 
on carbonate rocks (Unit 9). 

A different pattern emerges in the differentiation by parent rock type for the 
elements Ni and Cr, which are primarily geogenic in origin (Ni, Fig. 7.19). This 
figure indicates that the concentrations in 5-10 cm are higher than those in the 
0-5 cm layer. Because of this high basic geogenic concentration, the highest 
concentrations of Cr and Ni, as well as Cu, are on basic and intermediate magmatic 
and metamorphic rocks (BAG 12). The elements Cd, Zn and Pb also have higher 
than average concentrations for this rock category. Consistently low heavy metal 
concentrations are found for terrace and gravel sediments (Unit 3), sandy and thick 
sandy surface layers (Unit 4), as well as till and boulder clay (Unit 6). Mid-range 
concentrations for all elements are found for loess and loess derivatives (Unit 7). 
Sandstone and other silicate rocks (Unit 11) feature low (Cd, Cr, Ni) to moderate 
(As, Cu, Pb, Zn) heavy metal concentrations, while the class of acidic magmatic and 
metamorphic rocks (Unit 14) have moderate (Cd, Cu, Zn) to high (As, Cr, Ni, Pb) 
concentrations. The pattern for peat bog (Unit 15) is relatively heterogeneous: there 
are elements with concentrations that are low (Cr, Ni), moderate (As, Cu, Zn) as well 
as high (Cd and Pb). Because moors are not likely to have high underlying geogenic 
concentrations of heavy metals, it is apparent that in particular Pb and Cd are 
deposited from anthropogenic sources via air pathways. Anthropogenic soils (Unit 
16) have low (Cr, Cu, Ni) to mid-range (As, Pb, Cd, Zn) heavy metal concentrations. 

Table 7.3 indicates the strength of the relationship between heavy metal concen- 
trations and the parent rock type based on explained variance (Raaj) and the F-value. 
All 16 classes of parent rock were included in this analysis. The element Hg was not 
included due to the low sample size. The elements Pb and Cd show the lowest Rh 
and F-values, presumably as a result of the considerable impact of anthropogenic 
factors for the concentrations of these elements in the topsoil. As and Cu have 
mid-range Ra and F-values, whereas the values for Cr, Ni and Zn indicate the 
strongest relationship with parent rock type. The latter result is evidence of the 
importance of the geogenic origin of these three elements. 
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The ratio between heavy metal concentrations in the organic layer and the mineral 
soil (1-10 cm) is shown in Fig. 7.20. With equal stocks, the heavy metal concen- 
trations differ due to their mass reference between the organic layer and the mineral 
soil based on the significantly lower dry bulk density of the organic layer, by up to a 
factor of 5-7; hence the heavy metal concentration in the organic layer should be five 
to seven times greater as the concentration in the mineral soil. In fact, the heavy 
metal stock in the organic layer accounts for only 12% of the stock in the mineral soil 
(see Sect. 7.2.3), such that the effect of the different dry bulk densities on the heavy 
metal concentrations in the organic layer and the mineral soil approximately cancel 
out. The relationship between heavy metal concentrations in the organic layer and 
the mineral soil depicted in Fig. 7.20 is therefore best evaluated on a comparative 
basis. For elements with inputs that are primarily from anthropogenic (atmospheric) 
processes, a significantly higher proportion (^1) of the concentrations are 
expected in the organic layer compared to the mineral soil. However, other factors 
that affect this ratio must be considered, including the ionic charge of the heavy 
metal compounds present in the soil and uptake of the element by plants and thus the 
amount of the metal deposited through litterfall. Hence, elements that are present in 
the soil principally in anionic form, such as As, are less bound in the organic layer 
and are therefore transferred quickly into the mineral soil. In contrast, elements such 
as Cu and Zn are sometimes taken up from the mineral soil by plants and returned to 
the organic layer in litterfall (“vegetation pump"). The ratio for As is relatively low, 
which can be attributed to its more geogenic origin and anionic binding. Chromium 
and Ni also have moderate ratios « 1, confirming the predominantly geogenic origin 
of these elements. Cadmium, Cu, Zn and Pb have ratios considerably > 1; the 
"vegetation pump" may play a role for Cu and Zn as well. However, the high ratios 
for Pb and Cd must be attributed to input pathways that are mostly anthropogenic 
(atmospheric). 

In Fig. 7.21, the depth profile for the concentrations of a heavy metal with a more 
anthropogenic influence (Pb) is contrasted with an element with a more geogenic 
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Fig. 7.21 Depth profile for contents [mg kg] of (a) lead and (b) nickel for the parent rock class 
basic and intermediate magmatic and metamorphic rock (Unit 12) 


origin for the entire profile on basic and intermediate magmatic and metamorphic 
rock (Unit 12). For Pb, concentrations are higher in the topsoil (0-5 cm) and rapidly 
decrease with increasing depth, whereas the opposite is true for Ni. This contrast 
clearly reveals the anthropogenic (atmospheric) overprinting of Pb within this parent 
rock class and confirms the primarily geogenic origin of the element Ni for soils on 
basic and intermediate magmatic and metamorphic rock. 


7.3.3 Evaluation of Heavy Metal Concentrations 
in the Mineral Soil 


The precautionary values listed in Annex 2 No. 4.1 of the Federal Soil Protection and 
Contaminated Sites Ordinance (Bundes-Bodenschutz- und Altlastenverordnung; 
(BBodSchV 1999)) can be used to evaluate the heavy metal concentrations in the 
mineral soil. In accordance with $ 8 (2) of the Federal Soil Protection Act (Bundes- 
Bodenschutzgesetz; BBodSchG (1998)), exceedance of precautionary values for 
soil, when taking into account the harmful substance concentration from sources 
that are geogenic or due to extensive settlement, generally raises concern that 
harmful changes to the soil have taken place pursuant to $ 9 BBodSchV. The 
precautionary values thus do not represent a danger threshold but instead indicate 
a threshold for concern, which, if exceeded, demands that precautionary measures 
such as avoiding or reducing further inputs should be taken. 

So far, the BBodSchV (1999) regulates the precautionary values for seven heavy 
metals (Cd, Pb, Cr, Cu, Hg, Ni, Zn). An amended edition of the BBodSchV will also 
include precautionary values for As and thallium (Tl). The present evaluation of 
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Table 7.4 Precautionary values for inorganic substances (in mg kg! dry mass, fine soil aqua regia 
digestion) 


Heavy metal Sand Loam/silt Clay 
Arsenic 10 20 20 
Lead 40 70 100 
Cadmium 0.4 1 1.5 
Chromium 30 60 100 
Copper 20 40 60 
Nickel 15 50 70 
Mercury 0.2 0.3 0.3 
Zinc 60 150 200 


Table 7.5 Proportion [%] of seven heavy metals in relation to class in terms of the extent to which 
they exceed or fall short of their precautionary value. “Other” includes missing values as well as 
peat bogs and sites with humus concentrations > 30 mass-%, for which no precautionary value has 
been defined 


Proportion [%] 
As Pb Cd Cr Cu Ni Zn 


<50% of the precautionary value 54.9 |32.0 |82.0 |65.6 | 77.0 | 70.1 | 68.2 
>50% <100% of the precautionary value 26.8 | 38.9 8.6 | 21.8 | 12.4 | 16.8 | 20.3 
>100% <150% of the precautionary value 6.7 | 11.3 1.8 3.5 24 3.7 3.0 
215096 <200% of the precautionary value 20 | 48 0.4 0.8 0.4 1.1 1.1 
>200% of the precautionary value 2.5 6.0 0.2 14 | 0.8 1.4 0.4 
Others 70 | 69 | 69 | 69 | 69 | 69 | 69 


heavy metal concentrations in the mineral soil references the precautionary values 
proposed in the third working draft of the revision of the BBodSchV (2015); hence, 
the same reference scale is used for all the heavy metal concentrations analysed. In 
addition, this reference scale allows all mineral soils to be included, whereas the 
BBodSchV (1999) is officially valid only for soils with humus concentration up to 
8 mass-%. Table 7.4 lists the precautionary values from the third working draft of the 
BBodSchV (2015). The values are differentiated for the heavy metals according to 
the main soil types: sand, loam/silt and clay. 

The heavy metal concentrations were then correlated with their precautionary 
values to evaluate the concentrations in the mineral soil. Six classes were identified, 
and the proportion of each element in these six classes was calculated as a percent- 
age. Table 7.5 shows the results of this process. 

The results of this analysis indicate that in the majority of forest soils in Germany, 
the heavy metal concentrations are below the precautionary values. For the elements 
As, Cd, Cr, Cu, Ni and Zn, the majority of concentrations are even below or equal to 
5096 of the precautionary values. This is a positive result, in that it makes clear that 
the forest soils are mostly in good condition in terms of heavy metal concentrations. 
In the country as a whole, the elements As and Pb exceed the precautionary levels by 
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Fig. 7.22 Spatial distribution of arsenic in terms of the extent to which they exceed or fall short of 
their precautionary values in mineral soil (0-5 cm) for forest soils in Germany. Precautionary values 
are not defined for peat bogs or for sites with humus contents > 30 mass-%, so these sites are not 
mapped here 


11.2% for As and 22.1% for Pb. Figures 7.22 and 7.23 show the spatial distribution 
of As and Pb in terms of this class of exceedance of the precautionary values. The 
most obvious results here are the loading of As in the Erzgebirge region that was 
described already in Sect. 7.2.2, as well as the elevated As concentrations in several 
locations in the Harz region, the Süder uplands and parts of the Black Forest. 
Although the cause for these elevated levels can be primarily attributed to mining 
in the Harz and Erzgebirge regions, the source of As in the Süderbergland is largely 
geogenic plus atmospheric inputs from the Ruhr district. In the southern Black 
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Fig. 7.23 Spatial distribution of lead in terms of the extent to which they exceed or fall short of 
their precautionary values in mineral soil (0-5 cm) for forest soils in Germany. Precautionary values 
are not defined for peat bogs or for sites with humus contents > 30 mass-%, so these sites are not 
mapped here 


Forest, the occurrence of hydrothermal precipitates and the use of calcium arsenate 
for combating bark beetles have been cited as potential causes. 

Lead concentrations that exceed the precautionary value are found in particular in 
sites in the Harz region, the Rhenish Slate Mountains, the Erzgebirge region and 
parts of the Thuringian Forest. In these cases too, the former mining activity can be 
named among the causes for the high concentrations in the Harz and Erzgebirge 
regions, while atmospheric inputs dominate in the Thuringian Forest and Rhenish 
Slate Mountains. 
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For Cd, 82% of sites included in the NFSI II are below or at 50% of the 
precautionary value, and only 2.496 of sites exceed the value (Table 7.5). Only 
isolated sites in the Harz region, the Westphalian Bay and the Rhenish Slate 
Mountains have Cd concentrations that are well above the precautionary values. 

For Ni and Cr, 6.2% and 5.7% of sites, respectively, have concentrations above 
the precautionary values. In places, the explanation lies in geogenic inputs (basic 
magmatic and metamorphic rocks in Vogelsberg, limestones in the Swabian Alb), 
and in other sites anthropogenic causes are the source (Rhenish Slate Mountains). 
For Zn and Cu, <5% of sites have concentrations above the precautionary value. 
These sites are distributed heterogeneously throughout the country. 


7.4 Conclusions/Recommendations for Action 


The results of the NFSI on heavy metal burdens in forest soils suggest a need for 
further reduction of anthropogenic (atmospheric) input of heavy metals. This need is 
justified on the basis of the inability of heavy metals to biodegrade. Forest soils play 
an essential role in the balance of ecosystems; they must ensure that heavy metals 
entering the soils cannot reach the ground and surface waters unchecked but instead 
these substances permanently and extensively remain below levels that are harmful 
to plants, animals and other organisms. Thus, the nationwide NFSI is further justified 
by the risks that are posed by pollution of ground, spring and surface waters. In 
addition to the calculated heavy metal concentrations and stocks, forest management 
demands concrete evidence from the NFSI regarding the appropriate actions to 
maintain the filtering and regulatory function of forest soils. Key parameters that 
can favourably influence the natural retention capacity of forest soils include the 
humus concentration, pH and base saturation levels. These variables that describe 
soils can also be positively affected by forest management practices. 

From the perspective of conserving soils and water systems, forest management 
practices must seek to counter forms of humus in the organic layer and promote the 
formation of humus in the mineral soil. In addition to increased cultivation and 
targeted maintenance of deciduous trees in mixed growth forests, forest liming is an 
option that creates favourable conditions for enriching the humus in the mineral soil 
layers. Forest liming has also proven useful for increasing the base saturation level of 
soils while decreasing acidity. If these measures are well coordinated, there is the 
potential to considerably increase stable, ecologically compatible compounds 
between the heavy metals and humus particles in mineral soil. 

These measures can be concentrated on a regional basis, taking into account the 
calculated heavy metal concentrations and stocks, as well as the acidification of 
forest soils. Regions where forest soils have particularly high heavy metal burdens 
and significant soil acidification should be the focus of forest management practices 
that place a higher value on soil and water conservation than in regions with 
relatively lower heavy metal concentrations in the topsoil. 
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7.5 Summary 


The heavy metal concentrations of forest soils in Germany are the result of both the 
geogenic basic concentration in the parent rock and the atmospheric inputs that can 
overprint this basic geogenic concentration especially in the topsoil layers. Evidence 
of significant atmospheric overprinting can be found for Pb, Cd and Hg, while As 
and Cu are less distinctly overprinted. Concentrations of the elements Ni, Cr and Zn 
are primarily determined by the basic geogenic concentration. The highest heavy 
metal concentrations are found on clay, carbonate rocks and basic and intermediate 
magmatic and metamorphic rocks, whereas relatively lower concentrations are 
documented on terrace and gravel sediments, sand and thick sandy surface layers 
as well as till and boulder clay. 

Especially for elements with a high affinity for binding to organic substances such 
as Pb, Cu, Cr, Ni and Hg, heavy metal concentrations in the organic layer are clearly 
differentiated by humus horizon with increasing concentrations from the L- through 
Of- to the Oh-horizons. In contrast, Cd and Zn concentrations are not differentiated 
by horizon. 

Over the period between the NFSI I and NFSI II, atmospheric inputs of heavy 
metals decreased, which, together with relocation/incorporation of the metals into 
the upper increments of the mineral soil, has resulted in decreased concentrations in 
the organic layer. Forest liming, which causes a shift of the humus from the organic 
layer to the upper mineral soil, has also tended to enhance this effect. Using the data 
from North Rhine-Westphalia by way of example, an analysis of the change in heavy 
metal stocks in the organic layer and the first two depth layers of the mineral soil was 
carried out; the results indicated that while heavy metal stocks shift from the organic 
layer to the mineral topsoil, the total stock of heavy metals remains largely 
unchanged. Special attention should be paid to Hg, as this element is the only one 
that has increased in soil, due to various elevated inputs through deposition. 

Precautionary values based on the BBodSchV were used to assess the heavy 
metal concentrations in the mineral soil. For most heavy metals, concentrations in 
the majority of forest soils in Germany appear to be below the precautionary value; 
thus, in terms of heavy metal burden, forest soils can be said to be in relatively good 
condition in most areas. Only the elements As and Pb exceed the precautionary 
values in many regions, with 11.296 for As and 22.196 for Pb significantly exceeding 
the precautionary values. 
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8.1 Introduction 


Persistent organic contaminants are hardly decomposed in the environment. Once 
emitted from anthropogenic sources, these substances can accumulate in various 
environmental compartments, particularly in soils and sediments, and remain there 
for many years. In addition to their persistence, the substances can have harmful 
effects on humans and on the environment. They may have a cancerogenic or 
mutagenic effect to humans or impair the reproduction. In the environment, these 
substances can accumulate in organisms, have an adverse effect on them or influence 
their hormonal balance. Substances like polycyclic aromatic hydrocarbons (PAH), 
polychlorinated biphenyls (PCB), dichlorodiphenyltrichloroethane (DDT), and 
hexachlorobenzene (HCB) have been emitted from anthropogenic sources for sev- 
eral decades and are now ubiquitously distributed. The worldwide distribution of the 
persistent organic substances is caused by transport through air and water, leading to 
the detection of the substances on places far away from their emission sources, e.g. in 
polar regions (Kallenborn 2007; Lohmann et al. 2007; Jones and de Voogt 1999). 
Some persistent organic substances can naturally arise under certain conditions, but 
these sources are negligible compared to the anthropogenic emissions. Due to their 
proven harmful properties for humans and the environment, the use of these sub- 
stances was governed and partly totally forbidden by the international Stockholm 
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Convention on Persistent Organic Pollutants. Twelve organic substances known as 
"dirty dozen" were banned worldwide by the Stockholm Convention (UNEP 2001; 
Lohmann et al. 2007). 

The investigated substances are briefly described in the following: 


Polycyclic Aromatic Hydrocarbons: PAH 
PAHs consist of hydrocarbon rings (usually benzene rings), which are connected to 
one another via common sides. Due to the combination of the rings, there are 
approximately 10,000 different PAH. For the present study, the 16 indicator PAHs 
(EPA) were selected using established analytical methods for this substance group. 
The PAHs have been the focus of science and the public for decades because of 
their harmful properties for humans and the environment. Many PAHs are assessed 
in European chemicals legislation (REACH) as so-called “PBT” substances because 
of their negative environmental behaviour. They decompose very slowly or not at all 
in the environment (P, persistent), accumulate in organisms and food chains (B, 
bioaccumulating), and are toxic to organisms (T, toxic) even at very low environ- 
mental concentrations. Once released, such substances remain very long, accumu- 
late, and can thus develop their toxic effect in the environment over a long period. 
Additionally, numerous PAHs are also carcinogenic and therefore belong to the 
"CMR" substances (C, carcinogen; M, mutagenic; R, toxic for reproduction). The 
ubiquitous occurrence of PAHs in the environment makes them a particularly 
problematic substance group in combination with their properties (UBA 2016). 


Polychlorinated Biphenyls and Dioxin-Like Polychlorinated Biphenyls: PCB 
and dl-PCB 
PCBs are chlorinated hydrocarbons with a similar chemical structure to dioxins. On 
the backbone of a biphenyl (two benzene rings linked via a single bond), one or more 
hydrogen atoms are replaced by chlorine atoms. In total, there are 209 possible 
compounds (congeners). In the present study, six indicator congeners were analysed. 

Polychlorinated biphenyls are thermally and chemically stable, non-flammable, 
non-conductive, and hydrophobic. They are technical chemicals that have been used 
extensively in various applications since 1929 until the early 1970s, including the 
use in transformers, electrical capacitors, and hydraulic systems as hydraulic fluids, 
as softeners in paints, sealants, insulation materials, and plastics. In addition, PCBs 
can originate from combustion. The use of PCBs has been banned in Germany since 
1989, but polluting the environment by disposing PCB-containing waste (trans- 
formers, capacitors, and hydraulic systems) is still a major problem worldwide. 
Because of accidents, improper waste management, and diffuse inputs, PCBs have 
continued to spread throughout the environment. They accumulate as persistent and 
bioaccumulative substances in the food chain and can now be detected even in fish in 
the Antarctic, in mother's milk, and in human fat tissue. The chronic effects of PCBs 
on humans can be very diverse (e.g. chloracne, liver damage, teratogenicity, immune 
system damage). PCBs are amongst the 12 organic substances known as “dirty 
dozen" (Batool et al. 2016; UBA 2017). 

Twelve of the possible 209 PCB congeners (see above) have a similar structure as 
well as properties as the dioxins and are therefore called dioxin-like PCB. The most 
toxic one is PCB 126 (UBA 2017). 
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Dichlorodiphenyltrichloroethane: DDT and Its Metabolites (DDx) 

DDT is an insecticide that has been used since the early 1940s. Because of its good 
protection against insects, its low toxicity to mammals, and its low-cost manufacturing 
process, it was the most used insecticide for decades DDT is degraded, beginning with 
the conversion into the very long-lived metabolites dichlorodiphenyldichloroethylene 
(DDE) and dichlorodiphenyldichloroethane (DDD) (Aislabie et al. 1997; Boul 1995). 
Because of their good fat solubility, DDT and its metabolites accumulate in the fat 
tissue of humans and animals through the food chain (Aichner et al. 2013). The use of 
DDT in most industrial countries was banned in the 1970s. It also belongs to the “dirty 
dozen". In countries that have ratified the Stockholm Convention, the production and 
use of DDT are only permitted for the control of disease-transmitting insects, partic- 
ularly the carriers of malaria (Wang et al. 2016; Batool et al. 2016; Lohmann et al. 
2007; Boul 1995). 


Hexachlorobenzene: HCB 

HCB consists of an aromatic benzene ring in which all hydrogen atoms are replaced 
by chlorine atoms. HCB has a high vapour pressure and is stable in the air. In 
addition to the persistence, HCB has several harmful properties for humans and the 
environment. It accumulates in organisms and along the food chain because of its 
high fat solubility, and this might lead to harmful effects to humans. 

HCB was used as a fungicide, being stopped between 1981 and 1984 due to the 
negative properties in both parts of Germany (Heinisch et al. 20062). In addition, 
HCB also belongs to the "dirty dozen". HCB is a by-product or waste product in 
numerous chemical production processes, including chlorine-containing products 
(Fiedler et al. 1995). Therefore, many chlorinated pesticides and other chemicals 
contain traces of HCB contamination. HCB can also arise from combustion pro- 
cesses of chlorine-containing compounds. 


Polychlorinated Dibenzo-p-Dioxins, Polychlorinated Dibenzofurans: PCDD/F 
PCDD/F are composed of 75 polychlorinated dibenzo-para-dioxins (PCDD) and 
135 polychlorinated dibenzofurans (PCDF). They consist as mixtures of single 
compounds (congeners) with different composition. For the toxic effects of the 
210 dioxins and furan congeners, 17 compounds are relevant since they are strongly 
enriched in living organisms. Therefore, only the concentration of these 17 indicator 
congeners is generally analysed. The most toxic dioxin of them is the 2,3,7,8- 
tetrachlordibenzo-p-dioxin (2,3,7,8-TCDD), which is widely known since the chem- 
ical accident in Seveso, Italy, in 1976. Dioxins are already highly toxic in small 
amounts. They accumulate mainly in fat tissue due to their lipophilicity (fat solubil- 
ity). Dioxins have been classified as cancerogenic. They can arise as unwanted 
by-products in the presence of chlorine and organic carbon during combustion 
processes and thus be present as impurities in chemicals and products, e.g. in 
PCB, in pentachlorophenol, and in other chloro-organic pesticides. They may also 
be present as impurities in materials, e.g. in asphalt, in building site rubble, or in PCB 
sealing compounds. Dioxins can also arise from fires of forests, coal seams, dumps, 
and peats and during volcanic eruptions (UBA 2017; Dopico and Gomez 2015). 
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For the unified risk assessment of PCDD/F and dl-PCB mixtures, the World 
Health Organization introduced toxicity equivalence factors (TEF) in 1998, which 
were modified in 2005. The concentration of a given congener is multiplied by its 
TEF to calculate the equivalence concentration related to 2,3,7,8- TCDD (normalized 
to 1). The total value of the PCDD/F and dl-PCB equivalents (TEQ) is then 
calculated from the sum of these concentrations (van den Berg et al. 2006). 

Studies show that forests have a higher air/soil distribution coefficient due to their 
scavenging effect (the “Auskämmeffekt”, i.e. trees filter out airborne pollutants) than 
agricultural or urban areas. Furthermore, soils with high total organic carbon (TOC) 
concentration act as a sink for persistent organic substances (Wania and Mackay 
1996; Meijer et al. 2003; Posado-Baquero and Ortega-Calvo 2011; Horstmann and 
McLachlan 1998; Nizzetto et al. 2006; Sweetman et al. 2005). On the other hand, 
soils can also act as a source for some of these substances, particularly for highly 
volatile substances. 

Numerous publications deal with the occurrence of volatile organic substances in 
the atmosphere and the deposition from the atmosphere (Hafner et al. 2005; 
Hageman et al. 2010) as well as their occurrence in agricultural and urban soils. 
However, there are only a few studies on forest sites, and they are often restricted to 
smaller areas or small sample numbers (Manz et al. 2001; Aichner et al. 2007; 
Wilcke 2007; Maliszewska-Kordybach et al. 2008). Exceptions to this are, for 
example, a study from Austria (Weiss et al. 2000) as well as studies from Bavaria, 
Switzerland, Great Britain, and Norway (Schmid et al. 2005; Belis et al. 2009; 
Offenthaler et al. 2009; Desaules et al. 2008; Schuster et al. 2011) and a recent 
study from Pandelova et al. (2018), dealing with PCDD/F and PCB in German forest 
soils. Some of these studies discuss the relationships between environmental param- 
eters or local conditions such as altitude, population density, precipitation, or the 
concentration of organic matter in soil. However, a systematic comparison of the 
results of these studies is difficult because they differ in their sampling methods, the 
investigated soil horizons, and investigated substances. 

A homogeneous database, which is necessary for a systematic evaluation, is not 
available for a large forest area. For this reason, the sampling area of the second 
National Forest Soil Inventory (NFSI) with about 470 sampling points of the 
BIOSOIL grid is ideally suited to investigate the occurrence of persistent organic 
substances in forest soils under climatically moderate conditions with a wide range 
of environmental parameters and local conditions. The aim of the present study is to 
show the concentrations, stocks, and spatial distribution of the investigated organic 
substances in forest soils across Germany. 


8.2 Material and Methods 


The soil sampling procedure is described in detail in BMELV (2006). In brief, soil 
was sampled in a grid at the BIOSOIL spots of 16 x 16 km as systematic sampling 
scheme within the German forests. Additionally, about 50 sampling spots of the 
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Table8.1 Classification of Notation Humus concentration 
humus levels according to (humus level) (mass-%) 
Ad-HocAG_Boden (2005) 
No humus 0 
Very weak humic «1 
Weak humic 1-<2 
Medium humic 2-<5 
Strong humic 5- «10 
Very strong humic 10 - «15 
Extremely strong humic 15 - «30 
Organic, peat 230 


NFSI 8 x 8 km grid were selected to consider specific regional topography or 
emission situations. Amongst others, polychlorinated dioxins and furans and 
dl-PCBs were analysed in the context of a supplementary project of the Federal 
Environment Agency (UBA) in the humus layer at a selection of 86 sampling spots. 

For details concerning the analysis of organic substances, see Aichner et al. 
(2013). To calculate the humus concentration, total organic carbon concentration 
was multiplied by 1.72 or by 2 for organic layers and peat, respectively. For 
discussion purposes, humus is classified according to Ad-HocAG Boden (2005), 
as is compiled in Table 8.1. At least 15 sampling sites per humus level had to be 
present for data evaluation. 

For the evaluation of data, the lower bound assessment was chosen, i.e. values 
lower than the quantification limit was set to 10? ug kg! or ng TEQ05 kg! for 
dI-PCB and PCDD/F, respectively. Zero values, as normally required for the lower 
bound approach, were not used, since statistical analysis was carried out on 
log-transformed data and log (0) is not defined. Scales in the figures are also on a 
log basis. Kruskal-Wallis (H test) and post hoc Dunn test were conducted to identify 
significant differences on a p « 0.05 level. A nonlinear multiple regression (support 
vector machine, SVM) was used to investigate the driving factors explaining the 
concentrations of organic substances. The results of SVM were compared to a linear 
regression model. The factors examined were soil texture, humus level according to 
Ad-HocAG. Boden (2005) representative for total organic carbon (TOC) concentra- 
tion, forest type (deciduous, mixed, and coniferous), soil depth (depth increment), 
and western and eastern federal states for DDx. 

Stocks [g ha'!] were calculated by multiplying a given concentration of a 
considered organic substance in soil [mg kg !] with the considered depth increment 
(i.e. 0.05 m; 0-5 cm or 55-10 cm) and the soil bulk density [g cm] of the 
considered depth increment and a conversion factor of 10. The stocks of the organic 
layer were referred to the TOC stocks (see Chap. 6), since the organic matter mainly 
consists of TOC. The total stocks for a considered organic substance were calculated 
by summing up the stocks of the organic layer and the two depth increments. 

All statistical analyses were performed with R 3.2.5 (R Core Team 2015). 
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6.2.1 Concentrations of Organic Substances in German 
Forest Soils 


Data of organic substances in soils of forest soils are rare in comparison to urban or 
agricultural soils. Krauss et al. (2000) published a local study from northern Bavaria. 
They measured PAH (as sum of 20 congeners) concentrations from 24 to 
15,056 ug kg"! in the O horizons of 15 forest sites. The range for PCB (as sum of 
12 congeners) in their study amounted to 11.6 201.5 pg kg !. In a study of Fortmann 
and Meesenburg (2007) from Lower Saxony, PAH concentrations (as sum of 
16 congeners) from 61 18,266 ug kg! were measured in the O horizons. 

Aichner et al. (2013) evaluated the same data as in the present study and classified 
the organic substances concentrations as generally low. They mention studies and 
the respective results for organic substances from other countries, e.g. Czech Repub- 
lic, France, UK, and Norway. However, due to varying sampling strategies 
(e.g. different horizons or depth increments) and/or different methods 
(e.g. determination sum of 16 PAKs versus sum of 14 PAKs, sum of 6 PCBs versus 
sum of 12 PCBs), a comparison from the above-mentioned studies to the present 
study is not appropriate. Additionally, in the present study, results were not restricted 
to a specific region in Germany. 

For some of the organic substances considered in this study, the Federal Soil 
Protection and Contaminated Sites Ordinance (Bundes-Bodenschutz- und 
Altlastenverordnung; BBodSchV (1999)) provides so-called precaution values to 
evaluate the organic substance concentrations in the mineral soil. In accordance with 
§ 8 (2) of the Federal Soil Protection Act (Bundes-Bodenschutzgesetz; BBodSchG 
(1998)), exceedance of precaution values for soil, when taking into account the 
harmful substance concentration from sources that are geogenic or due to extensive 
settlement, generally raises concern that harmful changes to the soil have taken place 
pursuant to § 9 BBodSchV. The precaution values thus do not represent a danger 
threshold but instead indicate a threshold for concern, which, if exceeded, demands 
that precautionary measures such as avoiding or reducing further inputs should be 
taken. 


PAH 
The nonlinear multiple regression analysis (SVM) revealed that most of the PAH 
concentration can be explained by the humus level classified according to 
Ad-HocAG_Boden (2005). The humus level, which is representative for TOC 
concentration, explained 44% of the total variance followed by the forest type 
(5%) and soil depth (4%). In total, 53% of the variance was explained (Fig. 8.1). 
This was compared to a multiple linear regression, which explained 43% of the total 
variance, showing a nonlinear relationship between the PAH concentration and the 
explanatory parameters. The results for the PAH concentrations depending on the 
humus level, forest type, and the depth as explanatory factors are shown in Fig. 8.2. 
Highest and lowest PAH concentrations with 7.5-14,889.0 ug kg ! were both 
measured in coniferous forests. As expected, the PAH concentrations increased with 
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Fig. 8.1 Proportion of the variance explained by given factors calculated by support vector 
machines for PAH content in forest soils 
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Fig. 8.2 PAH concentrations grouped by forest type, depth increment, and humus level 


increasing humus level, i.e. increasing TOC concentration. In the organic layer, PAH 
concentration in soils under coniferous forests (median 2113.2 ug kg’ was signifi- 
cantly higher than in soils under deciduous (median 580.8 ug kg or mixed (median 
655.6 ug kg!) stands. Moreover, in medium humic mineral soil (2 — < 5 mass-% 
humus) at 75-10 cm depth, the PAH concentration under deciduous forest (median 
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Fig. 8.3 PAH concentrations in the organic layer grouped by humus form classes under deciduous 
forest 


183.1 pg kg’) was significantly higher than under coniferous forest (median 
108.0 ug kg 5. 

In deciduous forest, the PAH concentration was lower in the organic layer than in 
extremely strong humic mineral soil (15 — <30 mass-% humus) at the first depth 
increment from 0 to 5 cm. Figure 8.3 presents the PAH concentrations in the organic 
layer plotted against the humus form class. The humus form class mull showed the 
lowest PAH concentration. It becomes obvious from Fig. 8.4 that the biological 
highly active humus form mull with more than 60% had the greatest share on the 
observed humus form classes. 

The Federal Soil Protection and Contaminated Sites Ordinance (BBodSchV 
1999) prescribes precaution values for PAH in fine soil depending on its humus 
concentration. The precaution value for soils with a humus concentration equal or 
lower than 8% is 3000 ug PAH kg ' dry weight; the value for soils higher than 8% is 
10,000 ug PAH kg"! dry weight. The precaution values do not apply to organic 
layers. At only two of the investigated sampling sites, the PAH concentration 
exceeded the precaution value in the mineral soil in the first depth increment from 
0 to 5 cm. 

It was expected that PAH concentrations were universally decreasing with depth, 
due to the (historic) deposition. In deciduous forest, the PAH concentration was 
lower in the organic layer than in the first layer of extremely strong humic mineral 
soil. Mull was the dominant humus form class under deciduous forest (Fig. 8.4). It is 
characterized by high biological activity, and the litter layer is not present all year. 
On the one hand, the very active microorganisms supported the PAH degradation. 
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Fig. 8.4 Percentage of humus form classes under deciduous forest 


On the other hand, biological activity supported an intensive mixing with the mineral 
soil. These processes presumably led to a higher PAH concentration in the mineral 
top soil compared to the organic layer. The same trend was observed for the other 
investigated substances. 

It becomes obvious that degradation and relocation might both have been respon- 
sible factors for the PAH distribution within the organic layer and mineral soil. 
Furthermore, these factors seemed to be driven by additional site characteristics, 
e.g. humus form or TOC. High PAH concentrations in the O horizons or in the 
organic layers reflected the current airborne deposition of PAH, whereas high 
concentrations in mineral soils might stem from older deposition incorporated 
from organic layers into the mineral soil through biological activity. 


PCB 

The humus level was the factor explaining most of the PCB concentration in soils as 
revealed by SVM. It explained 32% of the total variance, followed by the forest type 
with 7% and soil depth with 5%. This made 44% of explained variance in total. A 
linear regression model explained only 33% of the total variance. 

At some sampling sites under all three forest types, PCB was below quantification 
limit. This was especially obvious in weak humic soils (1 — < 2 mass-% humus) 
under coniferous forest, where the median concentration amounted to 0.0 ug kg. 
Maximum PCB concentration was 106.3 ug kg” under mixed forest in the organic 
layer (Fig. 8.5). 

The PCB concentration in the organic layer of coniferous forest was with a 
median of 16.9 ug kg ! significantly higher than that of deciduous forest with 
8.6 ug kg '. In strong humic mineral soil (5 — < 10 mass-% humus) at 0-5 cm 
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Fig.8.5 PCB concentrations in the organic layer and the first two depth increments of the mineral 
soil grouped by forest type and humus level 


depth, the PCB concentration was significantly lower in coniferous (median 
1.4 ug kg )) compared to deciduous forests (median 3.8 ug kg’). The same was 
true for extremely strong humic soil (15 — < 30 mass-% humus), where the median 
under deciduous forest amounted to 8.6 and to 3.0 ug kg ! under coniferous forest. 

As mentioned for PAH, the Federal Soil Protection and Contaminated Sites 
Ordinance (BBodSchV 1999) also prescribes precaution values for PCB6 in fine 
soil depending on its humus concentration, amounting to 50 pg kg ! dry weight 
(<8% humus) and 100 ug kg! dry weight (7896 humus concentration). At none of 
the investigated sampling sites, the PCB concentration exceeded the precaution 
values in the mineral soil, showing that the PCB concentration in German forest 
soils was universally low. 


DDT and Its Metabolites 

In the knowledge of the nationwide distribution of DDx, the distinctions between 
western and eastern federal states were applied in the SVM. In contrast to PAH and 
PCB, soil depth with 28% is the factor explaining most of the total variance of the 
DDx concentrations. Oppositely, the humus level contributes 1% to the explanation 
of the total variance. In total 43% of the total variance were explained by the given 
factors (39% with a linear model). 

Figure 8.6 provides an overview of DDx concentrations grouped by depth, forest 
type, federal state, and humus level. Many humus levels are excluded because they 
contain too less sampling sites (<15), especially under the deciduous and mixed 
stands in the eastern part of Germany. For reasons of better visibility, the zero values 
(DDx below quantification limit) are not shown in Fig. 8.6. 

As for PCB, at 14 sampling sites under all 3 forest types, DDx could not be 
detected and was set to 0.0 ug kg ! due to the lower bound approach. Maximum 
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Fig. 8.6 DDx concentrations in the organic layer and the first two depth increments of the mineral 
soil grouped by eastern and western federal states, forest type, and humus level 


concentration reached 8630.0 ug kg! in 0-5 cm depth of medium humic mineral 
soil (2 — <5 mass-% humus) under coniferous forest. Significant differences between 
DDx concentrations under coniferous forests in eastern compared to western soils 
were observed in the organic layer, in medium humic mineral soil (2 — <5 mass-% 
humus), and in 0-5 cm depth in strong humic mineral soil (5 — <10 mass-% humus). 
The DDx concentrations were lower under deciduous than under coniferous forest. 

In the western federal states, the same pattern of explaining factors on the DDx 
concentrations was revealed, but only 31% (compared to 26% with linear regression) 
of the variance was explained by the model. In detail, soil depth had the highest 
proportion with 26%, forest type showed 4%, and humus level amounted to 1%. Due 
the lack of data in deciduous and mixed forests and because of the dominance of 
coniferous forests, SVM was not calculated separately for the eastern federal states. 


HCB 

Similar to DDx, soil depth with 2796 was the factor explaining most of the total 
variance of the HCB concentrations. The forest type explained 6% and the humus 
level 296 of the total variance. In total 3596 of the total variance was explained by 
these factors. A linear regression model gave 29% explanation. 

As for the other substances, except PAH, also HCB was below the quantification 
limit at some sampling sites and was consequently set to 0.0 ug kg '. Maximum 
concentration amounted to 24.4 ug kg’ in >5-10 cm depth in strong humic soil 
(5 — <10 mass-% humus) under mixed forest. Significant differences between the HCB 
concentrations in soils were observed in the organic layer. The concentration under 
coniferous forest (median 4.3 ug kg’) was higher than that under mixed forest (median 
1.9 ug kg !) and under deciduous forest (median 1.2 ug kg") (Fig. 8.7). 
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Fig.8.7 HCB concentrations in the organic layer and the first two depth increments of the mineral 
soil grouped by forest type and humus level 


Aichner et al. (2013) assessed the concentrations of HCB, like the other investi- 
gated organic substances, in German forest soils as low. Three main sources of HCB 
are given in the relevant literature. The application of HCB as a fungicide was 
discontinued in both parts of Germany between 1981 and 1984 (Heinisch et al. 
2006b; UBA 2012). As a by-product, traces of HCB are included in various chlorine- 
containing chemicals. HCB can also arise from combustion processes of chlorine- 
containing compounds (Aichner et al. 2013). 


di-PCB 

Data were available of 86 sites, which were only sampled in the organic layer. Only 
the 83 locations with >30 mass-% humus were evaluated. The dl-PCB concentration 
reached from 0.7 ng TEQOS kg! in the organic layer under deciduous forest to 
34.1 ng TEQ05 kg"! in the organic layer of a mixed forest. The median concentration 
of dl-PCB under coniferous forest is significantly higher than that under deciduous 
forest (Fig. 8.8). 


PCDD/F 

As for dl-PCB, 83 sampling sites were evaluated. The PCDD/F concentration in the 
organic layer under coniferous forest was with 19.2 ng TEQ05 kg ' significantly 
higher than under deciduous forest with 11.0 ng TEQO05 kg™'. Minimum concentra- 
tion was found in the organic layer under deciduous forest. Maximum concentration 
under coniferous forest amounted to 2.2 TEQOS kg! and 105.5 TEQOS kg", 
respectively (Fig. 8.9). 
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Fig. 8.8 dl-PCB concentration in the organic layer grouped by forest type 
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Fig. 8.9 PCDD/F concentration in the organic layer grouped by forest type 
8.2.2 Stocks of Organic Substances in German Forest Soils 


The stocks of all organic substances were differentiated according to depth incre- 
ment and forest type, except for dl-PCB and PCDD/F. The stocks are also shown as 
total amount by forest type. The stocks of the organic layer were referred to the TOC 
stocks, since the organic matter mainly consists of TOC. This is also the binding 
agent for the organic substances. 


PAH 

PAH stocks ranged from 0.3 g ha^! in the organic layer under deciduous forest to 
3758.6 g ha’ in mineral soil from 0 to 5 cm under mixed forest. In the organic layer 
and in both depth increments, the PAH stocks were significantly different between 
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Fig. 8.10 PAH stocks in the organic layer and the first two depth increments of the mineral soil 
grouped by forest type 


coniferous and deciduous forest (Fig. 8.10). In the organic layer, the PAH stock 
under coniferous forest was clearly higher (median 6.8 g ha !) than under deciduous 
forest (median 162.3 g ha !). In contrast, in 0-5 cm of the mineral soil, PAH stocks 
were significantly lower (median of 209.0 g ha !) under coniferous forest than under 
deciduous forest with 282.1 g ha !. The stocks in the soil depth increment from >5 
to 10 cm were also significantly lower under coniferous (median 72.4 g ha^!) than 
under deciduous forest (median 124.1 g ha^!) 

Regarding the total stocks without differentiating by depths, there are no signif- 
icant differences between the forest types. The median PAH stock was 483.2 g ha^! 
(Fig. 8.11). 


PCB 
PCB stocks showed the same pattern as PAH: stocks under coniferous forest were 
significantly higher than under deciduous forest (median 1.2 vs. 0.1 g ha!) and vice 
versa in both depth increment of mineral soil (median 0.7 vs. 1.9 g ha^! and 0.1 
vs. 0.7 g ha !, respectively) (Fig. 8.12). 

Figure 8.13 shows significantly higher total PCB stocks under deciduous forest 
than under coniferous forest, amounting to 3.4 g ha! and 2.4 g ha’, respectively. 


DDx 
As for the DDx concentration, the stocks are shown separately for eastern and 
western federal states. Stocks were significantly higher in the organic layer under 
coniferous forest than under deciduous forest (median 17.1 vs. 0.5 g ha’ in the 
eastern federal states, median 2.1 vs. 0.1 g ha! in the western federal states) and 
under mixed forest in the western federal states. 

In the eastern federal states, no significant differences between the forest types in 
the mineral soil were detected. In the western federal states, the DDx stocks were 
significantly higher in 0—5 cm under deciduous forest than under coniferous forests 


8 Occurrence and Spatial Distribution of Selected Organic Substances in... 


ME 


PAH [g ha] 


1008 n= 124 n=64 n= 248 
Deciduous Mixed Coniferous 
Forest type 


Fig. 8.11 Total PAH stocks grouped by forest type 
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Fig. 8.12 PCB stocks in the organic layer and the first two depth increments of the mineral soil 


grouped by forest type 


(median 2.7 g ha ! vs. 1.5 g ha !). In >5-10 cm depth, DDx stocks under deciduous 
forest with a median of 0.8 g ha! and mixed forest with 0.7 g ha ! were significantly 


higher than under coniferous forest with 0.4 g ha^. 
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Fig. 8.13 Total PCB stocks grouped by forest type 
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Fig. 8.14 DDx stocks in the organic layer and the first two depth increments of the mineral soil 
grouped by federal states and forest type 


The stocks in the respective forest types were significantly higher in the eastern 
than in the western federal states (Fig. 8.14). Consequently, the total DDx stocks 
were significantly higher under deciduous and coniferous forests in the eastern than 
in the western federal states, as shown in Fig. 8.15. The differences within eastern 
and western federal states between the forest types were not significantly different 
and amounted to 38.3 g ha ! in the eastern and to 4.4 g ha ! in the western federal 
states. 
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Fig. 8.15 Total DDx stocks grouped by federal states and forest type 
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Fig. 8.16 HCB stocks in the organic layer and the first two depth increments of the mineral soil 
grouped by forest type 


HCB 

The HCB stocks were significantly higher in the organic layer under coniferous than 
under deciduous and mixed forest (median 0.3 g ha! vs. <0.1 g ha '). Oppositely, 
stocks in mineral soil from 5 to 10 cm were significantly lower under coniferous 
(median 0.1 g ha!) than under deciduous and mixed forest (median 0.2 g ha^!) In 


the depth increment from 0 to 5 cm, no significant differences were detected 
(Fig. 8.16). 
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Fig. 8.17 Total HCB stocks grouped by forest type 


Figure 8.17 illustrates the total HCB stocks irrespective of soil depth, showing no 
significant differences between the forest types. Median HCB stock amounted to 
0.6 g ha. 


6.2.3 Spatial Distribution of Organic Substances in German 
Forest Soils 


The burden of German forest soils with the organic substances described above was 
classified with six percentile classes for total stocks in the following maps. For 
dl-PCB and PCDD/F, the concentrations instead of the stocks are presented, since 
stocks were only available for the organic layer and not for the mineral soil. 


PAH 
Relatively low PAH stocks were found in the northern and southern part of Germany. 
High PAH stocks were present in the central German Uplands (Fig. 8.18). 

The incomplete combustion of organic substances produces PAHs. Thus, their 
occurrence was due to various sources such as traffic or industrial exhaust fumes. 
Aichner et al. (2013, 2015) investigated in their studies with the same data as in the 
present study the PAH congeners. Based on a study of Khalili et al. (1995), they used 
the two- and three-ring PAHs as indicator for coal-borne sources. According to this, 
they assigned lignite opencast releasing coal by mining and (brown) coal-fired power 
plants as responsible sources for the relatively high low molecular weight PAH 


8 Occurrence and Spatial Distribution of Selected Organic Substances in... 249 


PAH - stock 

in the organic layer and 
in the mineral soil at 

0 - 10 cm depth 


- NFSI II - 
= mixed forest 
€ deciduous forest 
A coniferous forest 


Percentile classes 
[g ha “] 


® $250 
> 250 to 374 
> 374 to 483 
> 483 to 670 
> 670 to 975 
> 975 


sr 


kn 


Fig. 8.18 Spatial distribution of total PAH stocks (organic layer and the first two depth increments 
of the mineral soil) classified with six percentile classes under different forest types 


concentration in eastern Germany. Moreover, they hypothesized that the central 
German Uplands were a barrier for regional PAH emissions. 

The topographic situation induced a distinct microclimate, i.e. high precipitation 
together with a change in temperature leading to a high PAH deposition rate. The 
two impact factors, namely, the vicinity to a main emitter and the topography 
inducing a distinct microclimate, were also reflected on the PAH stock distribution 
in German forest soils, as can be seen from the map in Fig. 8.18. 
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Fig.8.19 Spatial distribution of total PCB stocks (organic layer and the first two depth increments 
of the mineral soil) classified with six percentile classes under different forest types 


PCB, dl-PCB, and PCDD/F 

PCB stocks show a high gradient in the spatial distribution between the (south-) 
western part of Germany, with relatively high values, and the north-eastern and 
eastern part, with lower values. Particularly high stocks were found in different 
regions in West Germany (Fig. 8.19). 

Aichner et al. (2013) could not detect a specific distribution pattern from the 
congeners, regarding the same PCB data as in the present study. They explain the 
low PCB concentrations by re-evaporation and microbial degradation at least for tri- 
and tetrachlorinated PCB. 
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The PCB stock distribution seemed to be dependent upon regional emissions in 
former times. Aichner et al. (2013) mentioned studies of Breivik et al. (2002, 2007) 
who calculated a balance of PCB disposal from population density data. They 
estimated lower PCB emission in the eastern federal states. In combination with 
the tenfold higher PCB-containing waste disposal in the western federal states, this 
might explain the difference between higher stocks in the western compared to the 
north-eastern and eastern part of Germany. Additionally, it is under discussion that 
cities might contribute to recent PCB emissions (Jamshidi et al. 2007; Desborough 
and Harrad 2011). 

Since stocks are not calculated for dl-PCB due to lacking data of mineral soil, 
only the concentration in the organic layer was regarded (not shown). The distribu- 
tion of dl-PCB was like that of PCB: a gradient with relatively high values in the 
western part of Germany and lower values in the north-eastern part. 

As for dl-PCB, stocks were not calculated for PCDD/F. There was a similar 
distribution pattern for PCDD/F concentrations in the organic layer as for dl-PCB, 
except for the south-western part of Germany, where low PCDD/F concentrations 
could be found (not shown). 

The concentrations and consequently stocks of PCDD/F and dl-PCB were sig- 
nificantly higher in organic layers under coniferous soils compared to deciduous or 
mixed forests, respectively. The concentrations varied across Germany and 
depended most likely on the sources of emission, like discussed for the other organic 
substances. 

The results for dl-PCB correlated well with these of PCB. Highest concentrations 
appeared mostly at sites of historical emissions from industrial applied PCB in the 
western federal states. Furthermore, sampling sites with higher PCB concentrations 
coincided with sites with elevated PCDD/F. 

Note that stocks of dl-PCB and PCDD/F were only calculated for the organic 
layer. It might be misleading to conclude that stocks under coniferous forests were 
higher than under deciduous forest for the whole soil profile. It becomes obvious 
from the other investigated organic substances in the present study that total stocks 
(organic layer and mineral soil to 10 cm depth) were not significantly different in 
soils under a given forest type, except for PCB. 


DDx 
Opposite to PCB stocks, highest DDx stocks were found in the north-eastern part of 
Germany, while relatively lower stocks were present in western Germany. However, 
there were some hotspots mostly located in North Rhine-Westphalia (Fig. 8.20). 
The spatial distribution of DDx in the investigated forest soils was generally 
attributed to the former use as insecticide and the different application times in 
eastern and western Germany. The application ended in the western federal states in 
1972. In the eastern federal states, DDT was used until 1988 (Daly and Wania 2005; 
Heinisch et al. 2005, 20062; Taniyasu et al. 2005; Breivik et al. 2007; Gasic et al. 
2009). The high stocks in the eastern federal states, particularly in Brandenburg, 
were most likely due to the application of DDT between 1982 and 1984, in order to 
combat the dark beetle and the pine moth (Lymantria monacha; Heinisch et al. 
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Fig. 8.20 Spatial distribution of total DDx stocks (organic layer and the first two depth increments 
of the mineral soil) classified with six percentile classes under different forest types 


(1993, 2005)). Dimond and Owen (1996) estimated the half-life of DDT in soils to 
about 20-30 years in temperate climates, supporting the assumption for the DDx 
recovery in the mentioned regions today. 

Aichner et al. (2013) differentiated with the same data as in the present study 
between technical (direct application) DDx, consisting mainly of 4,4'-DDT, and 
deposit-borne (degraded) DDx, consisting mainly of 4,4'-DDE. They used the 
specific proportion of DDT and DDE as a regionalized DDx fingerprint. Based on 
the results, they explained the exceptional high DDx concentration at some sampling 
sites in western Germany, particularly in North Rhine-Westphalia, with former 


8 Occurrence and Spatial Distribution of Selected Organic Substances in... 253 


emissions of the chemical industry. Moreover, in south-western part of Germany, the 
DDx fingerprint showed an advanced microbial breakdown of DDT. On the other 
hand, they found evidence from the DDx fingerprint for the application of technical 
DDT in the eastern part of Germany. These findings are very well reflected in the 
spatial DDx stock distribution in the present study. 


HCB 

The distribution of highest total HCB stocks was scattered across Germany. 
Hotspots were detected, e.g. in the south-eastern part of Bavaria, in the Rhein- 
Ruhr region of North Rhine-Westphalia, and, like PAH stocks, in north of the central 
German Uplands (Fig. 8.21). 

Aichner et al. (2013) assessed the concentrations of HCB, like the other investi- 
gated organic substances, in German forest soils as low. Three main sources of HCB 
are given in the relevant literature. The application of HCB as a fungicide was 
discontinued in both parts of Germany between 1981 and 1984 (Heinisch et al. 
2006b; UBA 2012). As a by-product, traces of HCB are included in various chlorine- 
containing chemicals. HCB can also arise from combustion processes of chlorine- 
containing compounds (Aichner et al. 2013). It is difficult to assign one specific main 
source to the detected HCB stock hotspots. For HCB concentrations, Aichner et al. 
(2013) named especially industrial combustion processes in the eastern federal 
states. In addition to this process, they suggested former HCB production as an 
additional source for the relatively high HCB concentrations in Bavaria and in the 
industrial regions along the river Rhine and in the Ruhr district. These suggestions 
also apply to the HCB stocks, as they were calculated from the concentration values. 


6.2.4 Environmental Factors for the Distribution of Organic 
Substances 


Aichner et al. (2013) pointed out the importance of local environment parameters for 
the distribution of organic substances. This is especially true if regional sources of 
organic substances are to be compared to atmospheric transport with subsequent 
deposition. The same authors performed a principal component analysis on the same 
data as in the present study with additional available environmental factors, 
e.g. climate, soil, and vegetation parameters. They found only weak statistical 
relationship between environmental parameters and the concentrations of organic 
substances. They concluded that concentrations of organic substances in German 
forest soils were mainly driven by former and current emission sources. Moreover, 
other factors as discussed above such as changing microclimate with altering 
topography can be decisive to explain pollution pattern on a regional scale. 

In this context, it was expected that with decreasing temperatures because of 
increasing altitude, semivolatile organic compounds condense and precipitate. This 
effect suggests higher concentrations of organic substances depending on the topog- 
raphy as deposition barrier for organic substances. However, this is discussed 
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Fig. 8.21 Spatial distribution of total HCB stocks (organic layer and the first two depth increments 
of the mineral soil) classified with six percentile classes under different forest types 


controversially and is not supported in general (Navarro-Ortega et al. 2012; Guzzella 
et al. 2011; Daly and Wania 2005; Kirchner et al. 2009; Hangen et al. 2011). Another 
temperature effect on the organic substances is the potential re-evaporation from 
soils, thereby reducing their concentrations (Brorstróm-Lundén and Lófgren 1998). 
Beside temperature, the amount of precipitation might influence the wet deposition 
and consequently the concentrations and stocks of organic substances. 

In the present study, it is also concluded from the explained variance of the 
nonlinear regression analysis (SVM) that other factors than depth increment, TOC 
concentration, and forest type play a significant role in explaining the organic 
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substances' concentrations and stocks as well as their distribution. More than half or 
half for PAH, respectively, of the variance remains unaccounted. It seems therefore 
reasonable to include regional characteristics into statistical models of future inves- 
tigations in order to explain a greater share of the variance, particularly topography 
with changing climate parameters and distance to emitters. 


8.3 Conclusion 


To our knowledge, this is the first study to show stocks of organic substances in 
forest soils on a nationwide basis. As stock calculations took soil mass and soil 
volume by means of the bulk density, the depth of the investigated soil profiles, and 
the area into account, it was possible to compare the masses of organic substances 
per hectare in soil profiles to 10 cm depth under different forest types. The results 
showed that the organic substances stocks were not dependent on forest type for the 
investigated substances, except for PCB, showing higher stocks under coniferous 
than deciduous forest. This indicated that other factors than forest type explained the 
differences in total stock amounts across Germany, e.g. deposition or vicinity to 
emission sources. 

The concentration of the investigated organic substances in German forest soils 
seemed to be generally low. This was underpinned by the values of PAH and PCB, 
which were lower than the precaution values prescribed in German soil protection 
legislation (BBodSchV). Nevertheless, soils store organic substances over long 
periods. Still, DDx applied as pesticide in the 1980s was detected in the organic 
layer, particularly in the eastern federal states. Additionally, deposition stemming 
from various sources cannot be ruled out and might become a problem in the future 
due to the persistence of organic substances. It is therefore recommended to find 
appropriate measures to reduce depositions, e.g. from fuel combustion, mineral, and 
metal industry. On the other hand, further soil samplings to study the development of 
organic substances concentrations under forest should be conducted. 

The sampling campaign should include the search for impact factors responsible 
for the spatial distribution of organic substances (e.g. on a regional scale). Besides 
this, factors for the distribution within the soil profile can also be uncovered, i.e. the 
prevailing process of historic vs. current deposition. In this study, a greater share of 
the variance was explained with nonlinear regression compared to linear methods. It 
seems therefore reasonable to consider nonlinear trends in the evaluation of data 
from future studies. The outcome will improve models that forecast the distribution 
of organic substances in forest soils. Eventually, the results can contribute to further 
develop background, precaution, trigger, and action values in the German soil 
protection legislation. 
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Chapter 9 A) 
Nutritional Status of Major Forest Tree dim 
Species in Germany 


Ulrike Talkner, Winfried Riek, Inge Dammann, Martin Kohler, 
Axel Góttlein, Karl Heinz Mellert, and Karl Josef Meiwes 


9.1 Introduction 


Element contents and ratios in assimilation organs of trees are an essential compo- 
nent of a comprehensive forest condition diagnosis. They allow conclusions about 
the current nutritional status of trees (Sardans et al. 2016; Mellert et al. 2008; Fiedler 
and Hóhne 1984; Wehrmann 1959). In addition, foliar chemistry can be used as an 
indicator for the exposure of forest ecosystems to atmospheric pollutants (Ewald 
2005; Aber et al. 1989; Heinsdorf et al. 1988). While soil chemical properties 
indicate the nutrient supply, foliar element contents reflect the nutritional status of 
the tree itself. The nutritional status of trees is not only determined by the soil 
nutrient supply but also by the soil nutrient availability and the direct uptake of 
nutrients from the atmosphere as well as the direct nutrient loss from leaves and 
needles by leaching. A balanced nutrition of essential main and trace nutrients is a 
necessary condition for optimal plant growth (Aerts and Chapin 2000). In addition, 
optimally nourished forest trees are more resistant to external biotic and abiotic stress 
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factors than poorly nourished trees (Flückiger and Braun 1999). Pronounced rela- 
tionships between tree health and nutritional status can therefore be detected (Cape 
et al. 1990). 

Chemical foliar analyses are a substantial part of the National Forest Soil Inven- 
tory (NFSI) in Germany. They reveal the current nutritional status of the forests. In 
addition, comparison of the nutritional data from NFSI I (1987-1992) and NFSI II 
(2007-2008) contributes significantly to the interpretation of forest ecosystem 
changes and the effectiveness of both air quality control and forestry stabilization 
measures (e.g. conversion to mixed-species forests, liming of acidified soils). Fur- 
thermore, the extensive data set of the NFSI offers additional opportunities for 
nutritional diagnoses of conifers by considering ratios between foliar element con- 
tents of older and current-year needles. 

In this chapter, we evaluate the foliar chemistry of the following tree species: 
Norway spruce (Picea abies (L.) H. Karst.), Scots pine (Pinus sylvestris L.), 
European beech (Fagus sylvatica L.) and pedunculate (Quercus robur L.) and sessile 
oak (Quercus petraea (Matt.) Liebl.). In addition, we assess relationships between 
foliar chemistry and chemical parameters of the soil. The two oak species were 
pooled for all analyses. The nutritional diagnoses presented in this chapter are based 
on tree species-specific threshold values of an integrative assessment system, which 
was derived by Göttlein (2015). In this meta-analysis, the median threshold value for 
all assessment systems available in the literature for the major tree species is 
considered the most probable threshold value. The thresholds at the lower end of 
the range of normal nutrition are given in Table 9.1. 

The evaluation of results depicted several noticeable phenomena for the four 
major tree species in Germany (Riek et al. 2016) (Fig. 9.1). Luxurious nutrition with 
nitrogen (N) was observed for all tree species. More than half of Scots pine and oak 
and more than a quarter of Norway spruce and European beech plots showed foliar N 
contents above the normal range. Only 896 of Norway spruce and 596 of Scots pine 
stands were within the range of (latent) N deficiency. Phosphorus (P) deficiencies 
were found for all tree species but were most pronounced on European beech plots, 
with almost two-thirds of plots in the (latent) deficiency range. For all tree species, at 


Table 9.1 Threshold values for the four tree species Norway spruce (Picea abies), Scots pine 
(Pinus sylvestris), European beech (Fagus sylvatica) and oak (Quercus petraea and Q. robur) at the 
lower end of the range of normal nutrition according to Góttlein (2015) 


N P K Ca Mg S Fe Mn Cu Zn 
Species mgg’ |mgg' |mgg' |mgg ' |mgg' |meg" Inge” |pgg ^ |ugg |ugg' 
Picea 13.1 1.3 
abies 
Pinus 14.1 1.3 
sylvestris 
Fagus 19.0 1.2 
sylvatica 


Quercus 20.0 1.4 
petraea 
+robur 
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Fig. 9.1 Percentage of NFSI II plots in the four nutritional ranges according to the assessment 
system of Góttlein (2015) for Germany's major tree species, Norway spruce, Scots pine, European 
beech as well as pedunculate and sessile oak (pooled together) 


least 7296 of all plots showed normal or luxurious potassium (K), calcium (Ca) and 
magnesium (Mg) nutrition. The sulphur (S) nutritional status was evaluated as 
normal on most Scots pine and oak plots. However, in the case of Norway spruce 
and European beech, approximately 40% of the inventory plots were in the (latent) S 
deficiency range. Contents of the trace elements iron (Fe), zinc (Zn) and copper 
(Cu) were predominantly in the range of normal nutrition for all four tree species. 
For manganese (Mn), the high proportion of plots with trees in the luxurious range is 
striking. The results of NFSI II revealed that nutrient deficiencies are more wide- 
spread for European beech than for Norway spruce, oak and Scots pine. 

Following from the noticeable phenomena found on the NFSI II plots (Fig. 9.1), 
the aim of this chapter is to test the following hypotheses: 


1. Foliar N contents are related to atmospheric N deposition. 

2. Foliar P contents of European beech are related to the acidification status of the 
soil and atmospheric N deposition. 

3. Foliar S contents are related to the sulphate concentration in soil extracts as an 
indicator for former S deposition and for sulphate retention capacity of soils. 

4. Liming of acidified soils increases foliar Ca and Mg contents but may have a 
negative impact on foliar K nutrition. 

5. Air quality control measures lead to decreased foliar lead contents. 

6. The nutritional diagnosis for conifers is improved by considering the ratios 
between foliar element contents of 2- (Scots pine) or 3- (Norway spruce) year- 
old needles and current-year needles. 
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9.2 Foliar Nitrogen Nutrition 


Nitrogen is organically bound in plants in the form of proteins as well as amino and 
nucleic acids. It is an essential component of enzymes involved in metabolic 
processes, and N deficiency leads to metabolic disorders as well as reduced plant 
growth. In contrast, an N oversupply can either hinder the uptake of other nutrients 
or lead to nutrient losses from the foliage by canopy leaching, thereby inducing 
nutrient imbalances of, for example, K, Mg or P in relation to N (Schulze et al. 
1989). In addition, an excess of N increases the vulnerability to pests and can affect a 
tree's resistance to frost. 

Globally, N is considered to be the primary factor limiting growth in (near-natural) 
terrestrial ecosystems (Vitousek and Howarth 1991). Over centuries, biomass 
export—caused by intensive wood harvesting, litter raking and forest pasturing—has 
reduced N stocks of many Central European forest sites, thereby aggravating N 
shortage. However, during recent decades, this situation has fundamentally changed 
due to the atmospheric deposition of nitric oxides from industry and traffic as well as 
ammonium from agriculture (Gruber and Galloway 2008; Gauger et al. 2008). If N is 
no longer a limiting factor, other nutrients may reach a relative deficiency (Mellert 
and Góttlein 2013). Thus, growth stimulation by N input (Mellert et al. 2008; 
Spiecker et al. 2012) has the effect that other essential nutrients as well as water 
must be taken up in larger quantities (de Vries et al. 2006). In addition, direct uptake 
of N in the canopy may lead to nutrient losses from the foliage by canopy leaching of, 
for example, K (Klemm et al. 1989). The resulting higher nutrient and water require- 
ments cannot always be met— particularly on sites with bedrock that has low levels of 
base cations—so that the N-based increase in growth may lead to nutritional imbal- 
ances involving N:Mg, N:K, N:Ca or N:P ratios and more frequent nutrient and water 
deficiency situations (Aber et al. 1989, 2003). Hence, one of the risk factors Central 
European forests currently face is the stress caused by high atmospheric N deposition 
(Glatzel et al. 1987; Matson et al. 2002; Meesenburg et al. 2016). 

The foliar N contents of NFSI II plots stratified by soil substrate groups and 
current soil acidity levels showed only very weak differences between the various 
site-specific strata. Even the close relationship expected between humus form and N 
nutrition was nearly non-existent. This suggests that N compounds resulting from 
atmospheric deposition and available to plants supersede the influence of site- 
specific factors on N nutrition. 

The fact that N deposition contributes to forest N nutrition was shown by the 
significant albeit weak linear relationship between N deposition and foliar N nutri- 
tion (Fig. 9.2 and Table 9.2). 

In contrast to N deposition in Germany, the regional distribution of the tree 
species-specific N nutrition ranges in Germany showed only weak spatial patterns 
(Figs. 9.3 and 9.4). Most Scots pine and Norway spruce stands with normal N supply 
or even (latent) N deficiency were located in the north-eastern lowlands (Branden- 
burg, Saxony), the southern Black Forest and in Rhineland-Palatinate. In all other 
parts of Germany, foliar N nutrition was predominantly luxurious or normal. 
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Fig. 9.2 Scatter plot of 
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Table 9.2 Parameters of the p b R 
linear regression between mm 
foliar N content and total N Norway Spruce m PERS 9:11 
deposition shown in Fig. 9.2: Scots pine 0.215 13.00 0.12** 
foliar N content = a * total N European beech 0.185 19.71 0.07** 
deposition + b Pedunculate and sessile oak 0.357 19.42 0.18** 


* p<0.05; ** p<0.01; *** p<0.001 


In addition to absolute foliar N contents, the relation of N to other nutrient 
elements can be used to evaluate nutrient imbalances (Flückiger and Braun 2003; 
Mellert and Göttlein 2012). In principle, a good nutritional state exists when the 
element contents are sufficient and present in a balanced relationship. Deviations 
from the reference values for “harmonic” element ratios can indicate possible 
imbalances in the nutrient supply. 

With regard to a balanced nutrition, we found that high N to nutrient ratios were 
primarily associated with low values for each of the elements Mg, P, K and Ca 
(Fig. 9.5). In contrast, high foliar N contents did not automatically result in high 
ratios (Fig. 9.6). For stands with an N oversupply, very narrow as well as very high 
ratios occurred for all tree species. Only the highest individual values of the element 
ratios were generally associated with an exceptionally high level of N nutrition. 
Thus, no clear causal relationship between N surplus and disturbances to nutrient 
uptake could be derived. 

Based on Fig. 9.5 and for the other main elements as well, it is clear that latent 
element deficiencies are associated with specific element ratios. In order to derive 
threshold ratios that lead to element deficiencies, the relationships between elements 
and element ratios were determined using smoothing functions in SPSS according to 
the LOESS method (Jacoby 2000). Subsequently, the individual intersection of the 
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Fig. 9.3 Regional distribution of foliar nitrogen nutrition ranges for Norway spruce 


fitted curve with the horizontal borderline between normal nutrition and latent 
deficiency was determined. The threshold values of N ratios calculated in this way 
are shown in Table 9.3. On a statistical average, exceeding these values resulted in 
latent deficiencies of the respective element. 

The N:Mg, N:P and N:K ratios empirically derived from the NFSI data were 
almost identical to the values derived by van den Burg and reported by Mellert and 
Góttlein (2012). In general, the thresholds in Table 9.3 are slightly higher. However, 
the thresholds of Flückiger and Braun (2003) for Norway spruce and European 
beech are similar. Imbalanced N ratios can lead to an increased risk of possible 
infestation by harmful insects (e.g. Flückiger and Braun 2003). In order to avoid 
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Fig. 9.4 Regional distribution of foliar nitrogen nutrition ranges for Scots pine 


values clearly above the thresholds given in Table 9.3, more favourable element 
ratios may be achieved by soil protection liming, suitable fertilization measures or 
reduction of atmospheric N deposition. 
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Fig. 9.5 Relationship between foliar Mg content and foliar N:Mg ratio in European beech; 


horizontal lines mark the normal range for Mg according to Göttlein (2015), i.e. values below the 
lower line indicate latent Mg deficiency 


N:Mg ratio 


Fig. 9.6 Relationship between foliar N content and foliar N:Mg ratio in European beech; horizon- 
tal lines mark the normal range for N according to Göttlein (2015), i.e. values below the lower line 


indicate latent N deficiency 


Table 9.3 Critical N ratios derived from the NFSI II data, which correspond to a latent element 
deficiency when exceeded 


Norway spruce Scots pine Pedunculate and sessile oak European beech 
N:Mg 22.0 22.8 23.5 23.5 
N:P 12.2 14.2 19.8 19.7 
N:K 3.6 4.3 4.5 4.0 
N:Ca 7.8 8.9 5.6 4.7 
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9.3 Foliar Phosphorus Nutrition of European Beech 


Foliar P nutrition of European beech is deficient across large areas of Europe 
(de Vries et al. 2000) and has decreased over the past 20 years (Talkner et al. 
2015). Several factors may lead to P deficiency: (1) excessive N deposition, (2) cli- 
mate change and (3) tree physiology. (1) N deposition influences foliar P nutrition 
primarily by negatively influencing mycorrhizal symbioses (Nilsson and Wallander 
2003) but also through increased growth leading to unbalanced foliar nutrition 
(Nihlgärd 1985; Aber et al. 1998). (2) Elevated atmospheric CO, concentrations as 
well as increased temperatures appear to increase the C:P ratio in plants (Sardans 
et al. 2012). In addition, drought events might decrease P contents in European 
beech trees (Peuke and Rennenberg 2004). (3) More frequent and more intense 
fructification events (Övergaard et al. 2007; Piovesan and Adams 2001) may deplete 
P reserves in trees when the mineralization of P from seeds and seed capsules is slow 
(Khanna et al. 2009) or seeds are eaten and displaced by mice and birds (Burschel 
et al. 1964). Foliar P contents represent a good indicator for plant availability of P at 
a site, since up to now, no single extraction method has been developed that can 
adequately quantify plant-available P in forest soils. 

In Germany, the results of NFSI II have revealed that the foliar P content of 6096 
of European beech plots is either within the latent deficiency or the deficiency range 
(see Fig. 9.1). Foliar P contents tended to decrease between NFSI I and NFSI II. This 
finding is in accordance with results from other parts of Europe (de Vries et al. 2000; 
Talkner et al. 2015). 

The foliar P content was not related to the soil pH value on NFSI II plots 
(Fig. 9.7). One would expect the highest P availability and therewith the highest 
foliar P contents on soils with intermediate pH values. In calcareous soils high in pH, 


Foliar P content [mg g") 


Mineral soil pH cac, in 0-5 cm 


Fig. 9.7 Foliar P content versus pH in CaCl, in 0-5 cm soil depth at European beech plots; 
horizontal dashed lines mark the normal range for P according to Góttlein (2015), i.e. values below 
the lower line indicate latent P deficiency 
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Fig. 9.8 Foliar P content of different soil substrate groups (left) and soil acidification types (right) 
at European beech NFSI II plots; horizontal dashed lines mark the nutritional ranges for P according 
to Göttlein (2015); tot: all groups/types taken together; soil substrate groups: ‘soils from base-poor 
unconsolidated sediment, ?soils of alluvial plains, loamy soils of the lowland, ^soils from weath- 
ered carbonate bedrock, 5soils from basic-intermediate bedrock, Ssoils from base-poor hard bed- 
rock, "soils from the Alps; for definition of soil acidification types, see Chap. 2; different letters 
above the boxes depict significantly different foliar P contents 


Ca phosphates of low solubility are formed; hence, P availability is low in such soils. 
However, these Ca phosphates are easily dissolved when soils slightly acidify, 
leading to higher P availability. In non-calcareous soils with pH values below 
5, the solubility of P is known to be low since it is adsorbed to Fe and aluminium 
(Al) oxides (Blume et al. 2016; Jönsson Belyazid and Belyazid 2012). 

Even though we did not find the expected relationship between foliar P contents 
and soil pH values, foliar P contents differed among soil acidification types and soil 
substrate groups in the expected way (Fig. 9.8). National Forest Soil Inventory II 
plots on soils with very high base saturation (78596) in the mineral top- and subsoil 
showed the lowest foliar P contents. In contrast, European beech trees on plots with 
slightly reduced base saturation (50-85%) in the mineral topsoil showed the highest 
foliar P contents. Foliar P contents of European beech trees on soils with low base 
saturation have been in between these two groups. The group of NFSI plots with 
very high base saturation contains the plots in the calcareous Alps and plots on other 
pure calcareous soils. Indeed, on alpine soils, foliar P contents were lowest compared 
to all other soil parent material groups. In the calcareous Alps, P causes low vitality 
of European beech (Ewald 2000) and appears to be the most important nutrient 
limiting growth of Norway spruce (Mellert and Ewald 2014). The group of plots 
with slightly reduced base saturation in the mineral topsoil and highest foliar P 
contents contained shallowly acidified calcareous sites. 

The foliar P content was weakly related to the N:P ratio of the forest floor and 
mineral soil: the larger the N:P ratio, the smaller the foliar P content (Fig. 9.9). The 
N:P ratio of the forest floor is influenced by site variables such as tree species 
composition and climate but also by N deposition. This would lead to the 
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Fig. 9.9 Relationship between foliar P content and the N:P ratio in the forest floor (L + Of + Oh) at 
European beech plots (R? — 0.18, p « 0.001); horizontal dashed lines mark the normal range for P 
according to Góttlein (2015), i.e. values below the lower line indicate latent P deficiency 
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Fig. 9.10 Foliar P content versus total atmospheric N deposition at European beech plots; 
horizontal dashed lines mark the normal range for P according to Göttlein (2015), i.e. values 
below the lower line indicate latent P deficiency 


expectation that foliar P contents are negatively related to N deposition (Braun et al. 
2010). However, this could not be verified by the NFSI II dataset (Fig. 9.10). 

The proportion of the variance in foliar P contents that was explained by the N:P 
ratio of all forest floor layers and mineral soil depths, i.e. the coefficient of determi- 
nation, was much smaller than that found in the evaluation of the ICP Forests dataset, 
which contains time series of monitoring data (Talkner et al. 2015). The lower 
coefficient of determination may be due to the fact that foliar nutrients comprise 
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high interannual variances, primarily due to meteorological differences among years 
(Evers 1972). Therefore, it is recommended to sample leaves in several (subsequent) 
years in order to be able to evaluate foliar nutritional status at a given site 
(Wehrmann 1959). Unfortunately, such a high sampling effort could not be realized 
in the NFSI. Hence, the data may represent the mean nutritional status throughout 
Germany and may even show coarse regional differences; however, the data may not 
be suitable for identifying correlations between foliar nutritional status and soil 
chemical parameters. This assumption is confirmed by the fact that all significant 
relationships between foliar P and soil chemical parameters found in the ICP Forests 
dataset when mean foliar P contents of several years were selected (Talkner et al. 
2015) are no longer detectable when foliar ICP Forests data from just a single year 
were selected (data not published). In the latter case, close to the same coefficients of 
determination were found as with the NFSI II data set, which also comprised data 
from just 1 sampling year. 

Since the determination of foliar P contents in several years is time- and resource- 
intensive, an indicator for foliar P status is urgently needed. Several soil extraction 
methods have been tested to assess the P status of a site (Kohlpaintner et al. 2017). 
For European beech, the best relationship was found between foliar P and citrate- 
extractable P in 0-10 cm soil depth. In addition, the P content of the forest floor 
seemed to be a rather good indicator, since, by litterfall, it directly represents the 
foliar P status of European beech (Talkner et al. 2015). Indeed, a significant positive 
relationship between foliar P content and the P content of the forest floor was found 
for European beech plots in the NFSI II (Fig. 9.11). However, the relationship was 
much weaker for the NFSI II compared to the ICP Forests dataset (Talkner et al. 
2015), probably due to the constraints of the NFSI foliar data mentioned above. 
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Fig. 9.11 Relationship between foliar P content and the P content in the L + Of layer of the forest 
floor at European beech plots (R? = 0.16, p < 0.001); horizontal dashed lines mark the normal range 
for P according to Góttlein (2015), i.e. values below the lower line indicate latent P deficiency 
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Proper separation of the forest floor and the mineral soil is very important when 
evaluating P. Therefore, only the L or the L + Of layer should be considered. 

In summary, the foliar P nutrition of European beech was deficient across large 
areas of Germany and deteriorated over time in some regions. Foliar P contents seem 
to be lowest on calcareous soils that are high in base saturation, indicating that the 
geological substrate (Augusto et al. 2017) may have influenced foliar P nutrition. 
The influence of atmospheric N deposition on P nutrition (Braun et al. 2010) can 
only be proven indirectly by the relationship between foliar P content and N:P ratio 
of the soil. Foliar nutritional data should be determined over several years in order to 
be able to evaluate the foliar P status of a given site. In addition to the search for 
single soil extraction methods that are able to adequately quantify plant-available P 
in soils, effort is required to determine if the P content of the forest floor would be a 
suitable indicator of the foliar P status of European beech forest sites. 


9.4 Foliar Sulphur Nutrition 


Sulphur dioxide is produced mainly during the combustion of fuels containing 
S. Since 1990, emissions have been reduced by 92%, with the largest reductions 
occurring between 1990 and 1998 (UBA 2015), and according to this, also the S 
input to forest ecosystems decreased (Fig. 9.12 upper graphs). This was primarily 
due to the closure of power plants and other industrial plants in the former German 
Democratic Republic (GDR) and the implementation of exhaust gas cleaning tech- 
nologies. Also the use of fuel with low or no S content had a decisive impact. 

In 1987, when sampling for NFSI I began, SO» emissions were high, showing a 
heavily polluted area in the southern part of the former GDR (Fig. 9.12, upper left). 
Corresponding to this, excessive foliar S nutrition was observed in eastern Germany 
(Fig. 9.12, lower left). In the other parts of Germany, foliar S nutrition was mostly 
within normal range. In the southern part of Bavaria, however, at the edge of the 
Alps, S deficiency was detected at many NFSI plots. Twenty years later, atmospheric 
SO» concentrations were very low throughout Germany (Fig. 9.12, upper right), and 
only some single NFSI plots still had an excessive foliar S nutrition (Fig. 9.12, lower 
right). In contrast to NFSII, many plots showed latent or clear deficiency, even in the 
eastern part of Germany. Regions with widespread S deficiency were again southern 
Bavaria with the Alps and additionally many regions with granitic bedrock, such as 
the Black Forest (in the southwest), the Bavarian Forest and the Ore Mountains 
(in the east at the border to the Czech Republic) and the Harz Mountains (in central 
Germany). Thus, forests experienced a dramatic change in S availability, from high 
and even too high concentrations in the atmosphere, leading to an above ground 
uptake path, to low concentrations in the atmosphere, causing sole availability of S 
from the soil. 
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Fig. 9.12 Comparison of foliar S content for NFSI I and NFSI II; nutritional ranges are according 
to Géttlein (2015); the upper two graphs show the development of total S deposition from NFSII to 
NFSI II 


In the 1970s/1980s, sulphate accumulated in the mineral soil, depending on the 
atmospheric S input and sulphate retention capacity of soils (Meiwes et al. 1980). 
Sulphur that accumulated in soils in times of high S emissions has been slowly 
released after the reduction of S input (Alewell 2001). In 2007/2008, foliar S 
contents were still dependent on water-extractable sulphate in the deeper mineral 
soil, while water-extractable sulphate in the upper soil layers had no effect on foliar S 
(Fig. 9.13). This means that the foliar S content is still influenced by inorganic 
sulphate retained in the subsoil, although atmospheric S input has decreased to about 
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1096 compared to 1980. Under these conditions, forests growing on parent material 
low in S in particular appear to run to S deficiency according to the expert-based 
thresholds for S of Góttlein (2015) (Table 9.1). The nearly constant sulphate 
concentrations in the topsoil, independent from the nutritional status (Fig. 9.13), 
indicate that regulation processes of the ecosystem lead to a minimal amount of S 
cycling in the system. 

Looking at the S content of the parent material (Table 9.4), acidic magmatic 
rocks, metamorphic rocks (with the exception of rich paragneiss) and sandstones 
have a very low S content. Although the geological parent material is often covered 


Table 9.4 Sulphur content of various types of bedrock according to analyses by Ricke (1960), also 
including some other citations given by this author; values given as 5th-percentile, median and 
95th-percentile 


S [96] 5th perc.-median- 


Type Bedrock n |95th perc. 

Magmatic rock | Acid (e.g. granite) 31 |0.006-0.014—0.047 
Intermediate (e.g. diorite) 17 | 0.009—0.030—0.199 
Basic (e.g. basalt) 18 |0.013-0.033-0.138 


Metamorphic Orthogneiss, quartzite, mica schist, 6 |0.013-0.019—0.068 
rock etc. 


Paragneiss 1 |0.203 
Sedimentary Sandstones 9 |0.006—0.023—0.036 
rock Greywacke 6 |0.128-0.154—0.238 
Clay, shale 21 |0.014-0.155-0.500 


Limestone, dolomite 16 |0.012-0.081—0.211 
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Table 9.5 Threshold values for the range of normal S nutrition according to Géttlein et al. (2011); 
the age-separated values for European beech were calculated from the data set used in this 
publication 


Range of normal foliar S nutrition [mg g !] 


Type Norway spruce Scots pine European beech 
Young 0.9-1.6 1.0-1.4 1.2-2.7 
Old 0.8-1.4 1.0-1.6 1.2-3.0 


by aeolic (loess) or other layers, regions with bedrock poor in S correspond well with 
regions with insufficient S nutrition in NFSI II (Fig. 9.12). 

Sulphur nutrition deteriorated from NFSI I to NFSI II (Fig. 9.12). This finding is 
supported by results from the ICP Forests Level II network (Jonard et al. 2015). The 
authors from that study found indications that mineral nutrition of trees progres- 
sively deteriorated in Europe with respect to P, S and base cation nutrition. However, 
it has been questioned whether the threshold values used were reasonable, indicating 
that a large number of NFSI II plots were within the range of latent or clear S 
deficiency. Particularly, this question arises because many threshold values were 
established in times of high S emissions when a real S deficiency hardly occurred. In 
the extensive collection of nutritional data of van den Burg (1985, 1990), it is 
possible to distinguish between young and old European beech, Norway spruce 
and Scots pine trees. Young and old trees are not separated by a given age but by 
how the respective nutritional values were elaborated. Pot trials, experiments with 
nutrient solutions or studies using sand cultures can be done only using small 
(young) plants. Such experiments can be run under well-controlled conditions and 
thus should not be influenced by the SO, emission regime. As shown in Table 9.5, 
the lower threshold values for normal S nutrition derived for young trees, under well- 
controlled conditions, and for old trees, under less-controlled conditions, are very 
close. This indicates that the previous higher SO, emission had little impact on the 
threshold for S deficiency. Thus, the results of NFSI II must be interpreted in a way 
that on parent materials poor in S, forests tend towards S shortage, which might 
induce a growth limitation in the long term. Sulphur is an element that should be 
increasingly considered for forestry practices that aim to be sustainable in terms of 
nutrients. 


9.5 Effects of Liming 


Forest ecosystems have been exposed to elevated atmospheric deposition of S and N 
for several decades (Waldner et al. 2014). Deposition of these compounds can 
contribute to acidification, fertilization and eutrophication (Ulrich 1981; Aber et al. 
1989; Galloway et al. 2003), especially in nutrient-poor forest soils. Until the 1990s, 
S deposition has been the main factor causing soil acidification. With the strong 
reduction of S emissions, the relative contribution of N to soil acidification became 
more important (Schópp et al. 2003; Meesenburg et al. 2016). Among other 
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consequences, soil acidification causes the decline of soil cation exchange capacity 
and the loss of nutrient cations (de Vries et al. 2014). To mitigate the negative 
consequences of acidification, liming proved to be useful in improving soil chemical 
properties, foliar nutrition and tree vitality (Jonard et al. 2010). The aim of liming in 
German forests is to compensate for anthropogenic acidifying deposition and hence 
to ensure good nutritional status of trees (LAF 2000; von Wilpert et al. 2013). The 
decision criteria for liming include the impact of acidifying deposition, soil cation 
exchange characteristics of soils and foliar nutrition. Although atmospheric input of 
acids is decreasing, the critical loads of acidity are still exceeded in parts of Germany 
and Europe (Nagel et al. 2014; Waldner et al. 2014, 2015; Meesenburg et al. 2016). 
In addition, the prediction of time scales of reversibility of acidification is dependent 
on soil properties (Prechtel et al. 2001) and the development of deposition rates; a 
minimum of a few decades would be expected (Meesenburg et al. 2016). Therefore 
leaching of cationic nutrients with seepage water is an ongoing process, and forest 
liming will remain a common practice in some federal states of Germany. During the 
period from 1980 to 2012, approximately 3.2 million hectares of forest area were 
limed in Germany, in some cases twice (Jacob and Andreae 2012). Usually, dolo- 
mitic limestone containing Mg was applied. In some regions P was added. 

To assess the effect of liming on foliar nutrition of the major tree species in 
Germany, we compared limed and unlimed NFSI II plots of those German states that 
limed on a large scale until the NFSI II (Rhineland-Palatinate, Lower Saxony, North 
Rhine-Westphalia, Baden-Wurttemberg, Hesse, Saxony, Thuringia). The selection 
of NFSI II plots that are considered to be sensitive to soil acidification was done 
according to the liming concepts of the respective federal states. The group of 
unlimed plots comprised only NFSI II plots that are sensitive to soil acidification 
but which have not yet been limed. 

The foliar N content of the four major tree species did not differ on limed and 
unlimed NFSI II plots (Figs. 9.14, 9.15, 9.16, and 9.17). This result is in accordance 
with studies by Huber et al. (2006), Kulhavy et al. (2009), Jonard et al. (2010) and 
Greve et al. (2016), who determined no or slight liming effects in the foliar N content. 
The most likely explanation is the current high N deposition rates in Germany. 

For Norway spruce, the foliar P content was slightly lower on limed NFSI II plots 
than on unlimed plots. The N:P ratio was not affected. However, the P status in the 
foliage of the other tree species showed no treatment effect. This result was unex- 
pected, as in some regions, liming was combined with P fertilization. However, the 
applied P dosages stayed mostly undocumented, so their influence on foliar P 
content at NFSI II plots cannot be estimated. Results of other studies (von Wilpert 
2003; Guckland et al. 2011) have found no reaction of the foliar P content after 
liming. However, Kulhavy et al. (2009) detected an increase of P in current-year 
needles of Norway spruce after liming, and Huber et al. (2006) reported on lower P 
contents in 1- and 2-year-old needles of Norway spruce 20 years after liming. 

The foliar Ca content of European beech and oak was higher on limed than on 
unlimed plots. However, the Ca content for both tree species was mainly within 
normal range for both limed and unlimed plots. For Norway spruce and Scots pine, 
no liming effect on foliar Ca contents was observed. This does not correspond with 
results of field experiments. An increase in foliar Ca content after liming is known 
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Fig. 9.14 Foliar N, P, K, Ca and Mg contents (mg g`") and ratios in current-year needles on limed 
(grey box) and unlimed (white box) NFSI II plots for Norway spruce. . . .. upper threshold of normal 
range, --- lower threshold of normal range, threshold of symptom range (Göttlein 2015) and 
critical N ratio, respectively (Table 9.3). In brackets, number of NFSI II plots; bold, significant 
difference (p « 0.05) 


from field experiments that compared limed and unlimed study plots under compa- 
rable site conditions (von Wilpert 2003; Kulhavy et al. 2009; Guckland et al. 2011; 
Greve 2014; Jonard et al. 2010). This discrepancy may be due to preferential liming 
of the most acidic soils, while the acidity of the reference group of unlimed, but still 
acidified soils, may be less. 

The foliar Mg contents of limed Norway spruce, Scots pine, European beech and 
oak plots were higher than those of unlimed plots. In addition, they were within the 
normal range on limed plots, while they were in the (latent) deficiency range at up to 
45% of unlimed European beech plots. Furthermore, the N:Mg ratio was signifi- 
cantly smaller on limed than on unlimed plots. These positive effects of liming are 
consistent with results from field experiments (Evers et al. 2008; Kulhavy et al. 
2009; Jonard et al. 2010). At the NFSI II plots, foliar Mg content of Norway spruce 
and European beech increased with the frequency of liming (not shown). A lime 
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Fig. 9.15 Foliar N, P, K, Ca and Mg contents (mg g~') and ratios in current-year needles on limed 
(grey box) and unlimed (white box) NFSI II plots for Scots pine. .... upper threshold of normal 
range, --- lower threshold of normal range, __threshold of symptom range (Göttlein 2015) and 
critical N ratio, respectively (Table 9.3). In brackets, number of NFSI II plots; bold, significant 
difference (p < 0.05) 


dosage of 3 t ha! already improved the foliar Mg content; additional application 


provoked further significant increase. 

In contrast to Ca and Mg, foliar K contents of Norway spruce and European beech 
were lower on limed than on unlimed plots. There is inconsistent evidence regarding 
reduction of K in the foliage after liming in literature. In some studies, a decrease of 
K has been described (Evers et al. 2008; Weis et al. 2009; Ouimet et al. 2013; von 
Wilpert et al. 2013), whereas other studies have found no effect of liming (Huber 
et al. 2006; Kulhavy et al. 2009; Jonard et al. 2010). Guckland et al. (2011) assumed 
that the reduction of foliar K contents of Norway spruce and European beech is a 
matter of ion competition during nutrient uptake. Foliar K contents indicating 
(latent) deficiency were observed on about 40% and unbalanced N:K ratios on 
39% of limed Norway spruce and European beech NFSI II plots. For both tree 
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Fig. 9.16 Foliar N, P, K, Ca and Mg contents (mg g~') and ratios in current-year needles on limed 
(grey box) and unlimed (white box) NFSI II plots for European beech. .... upper threshold of 
normal range, --- lower threshold of normal range, __threshold of symptom range (Göttlein 2015) 
and critical N ratio, respectively (Table 9.3). In brackets, number of NFSI II plots; bold, significant 
difference (p « 0.05) 


species, the percentage of foliar K deficiency was about 2596 on the unlimed NFSIII 
plots. On plots that were limed once with 3 t ha ', foliar K contents were similar to 
those on unlimed plots, while on plots that were limed twice (6 t ha ') or more, K 
contents were significantly lower than on unlimed plots. This indicates that after an 
application of at least 6 t ha^! lime, a lowering effect on the foliar K content must be 
considered. 

The findings at the NFSI II plots showed that liming of sites that are sensitive to 
soil acidification can contribute to sufficient and balanced foliar Mg content of 
Norway spruce, Scots pine, European beech as well as pedunculate and sessile 
oak. Regarding Ca, the application of lime improved the nutrition of European 
beech and oak. However, a decrease of foliar K content of Norway spruce and 
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Fig. 9.17 Foliar N, P, K, Ca and Mg contents (mg g ') and ratios in current-year needles on limed 
(grey box) and unlimed (white box) NFSI II plots for pedunculate and sessile oak (pooled together). 
.... upper threshold of normal range, --- lower threshold of normal range, ^ threshold of symptom 
range (Góttlein 2015) and critical N ratio, respectively (Table 9.3). In brackets, number of NFSI II 
plots; bold, significant difference (p « 0.05) 


European beech following lime dosages greater than 3 t ha^ ! should be considered in 
the planning of liming. 


9.6 Effectiveness of Air Quality Control Measures 
with Respect to Lead 


It is well known that the canopy can act as a filter for air pollutants. For example, 
approximately 50-80% of the lead (Pb) in needles of conifers may be adsorbed or 
taken up directly from the atmosphere (Shahid et al. 2017). This was demonstrated 
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Table 9.6 Lead content in Foliar Pb content (mg kg ! DW) 

current-year needles of Norway spruce Scots pine 

Norway spruce (n = 139) and 

Scots pine (n = 170) in NFSII NFSI I NFSI II NFSI I NFSI II 

(1987-1992) and NFSI II Median 1.00 0.34 2.80 0.45 

(2007—2008) Mean 1.16 0.46 3.18 0.56 
Std. dev. 0.84 0.32 2.35 0.34 


by washing needles with water and analysing needles before and after washing 
(Al-Alawi and Mandiwana 2007), by removing and analysing the wax layer 
(Gandois and Probst 2012) or by analysing the dust particles separated from the 
wax (Staszewski et al. 2012). Klaminder et al. (2005) assessed foliar Pb uptake 
relating ?06pp.207pp ratios in tree compartments to the corresponding isotopic ratios 
in different soil layers. Foliar Pb that is taken up directly from the atmosphere enters 
the leaf or needle mainly through stomata, cuticular cracks, lenticels, ectodesmata 
and aqueous pores (Shahid et al. 2017). Because of the Pb adsorption to the cuticle 
and the high rate of direct foliar Pb uptake, Pb content of unwashed foliage can be 
used as an indicator of Pb pollution in the atmosphere. 

Mean Pb contents in unwashed current-year needles of Norway spruce (Picea 
abies) and Scots pine (Pinus sylvestris) decreased from NFSI I to NFSI II by 60% 
and 82%, respectively (Table 9.6). This reflects the decreasing trend of Pb emissions 
in Germany, with a reduction from 2130 t a`! in 1990 to 366 t a^! in 2007 (UBA 
2017). Lead in fuel for vehicles was the main Pb emission source. Since 1980, the 
use of unleaded fuel has increased, and since 2000, leaded fuel is no longer allowed 
within the European Union. 

Mean Pb contents in current-year needles of Norway spruce and Scots pine 
measured on NFSI II plots are higher than Pb values measured in needles of 
lodgepole pine (Pinus contorta) and Sitka spruce (Picea sitchensis) in Western 
Ireland (0.15-0.17 mg Pb kg! DW) (Asam et al. 2014) and in needles of silver 
fir (Abies alba) in the French Pyrenees (median + SD, 0.2 + 0.13 mg Pb kg! DW) 
and Vosges Mountains (mean + SD, 0.33 + 0.11 mg Pb kg ! DW) (Gandois and 
Probst 2012; Gandois et al. 2010). Since the two investigated sites in Western 
Ireland are located about 30 km from the Atlantic coast, with prevailing west 
winds, the low Pb values in conifer needles may be considered as background 
values. 


9.7 Ratios of Nutrient Contents from Needles of Different 
Ages (Norway Spruce and Scots Pine) 


In addition to nutrient contents of current-year needles, element contents of 2- (Scots 
pine) and 3-year-old needles (Norway spruce) were analysed in the National Forest 
Soil Inventory II (NFSI IT) in Germany. This analysis facilitates a more comprehen- 
sive diagnosis of the nutritional state of these two coniferous species. Furthermore, 
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the analysis of element content in needles of different ages facilitates inferences 
about plant physiological processes, such as the translocation of nutrients from older 
to younger needles. For this purpose, the NFSI II is an outstanding database with 
610 Scots pine and 409 Norway spruce sites. However, contents in needles of the 
NFSI dataset do not represent a real time series, as needles were sampled in the same 
year. Thus, it must be assumed that older needles had element contents in the year of 
formation that are comparable to contents of the current needle year. However, 
element contents in foliage can vary from year to year, especially during or after 
climatically extreme years (Góttlein et al. 2009; Jonard et al. 2009; Schleppi et al. 
2000). This may be a problem for the evaluation of the dataset if there were a 
systematic deviation of element contents in the respective needle-formation year at 
all NFSI sites. However, this can be ruled out, since needle sampling was not 
simultaneous at all federal states but was spread over a 3-year period 
(2006-2008). Therefore, the mean values of the whole data set should allow the 
importance and tendencies of element ratios in Norway spruce and Scots pine 
needles of different ages to be assessed, assuming that changes in nutrient concen- 
trations are not due to changes in the organic fraction of the needle (e.g. waxes, 
phenolics). 

In adult trees, a large proportion of nutrients is stored in the foliar biomass (Beets 
and Pollock 1987; Fife et al. 2008; Alriksson and Eriksson 1998; Scarascia- 
Mugnozza et al. 2000). Therefore, it stands to reason that this nutrient pool is used 
for internal reallocation processes. For example, Miller (1986) has shown that for the 
annual growth of 40-year-old European black pine, 40-50% of N and more than 
50% of P were recruited by retranslocation processes running mainly within the 
foliar biomass. According to Miller (1986), retranslocation of nutrients might play 
an increasing role with advancing tree age and is particularly relevant in stands that 
have reached canopy closure and maximum crown sizes. 

Retranslocation processes are more likely for nutrients deemed to be relatively 
mobile in plants such as N, P, K, Mg or S (Nambiar and Fife 1991). Especially in 
senescent needles, retranslocation of nutrients must be considered (Helmisaari 
1992). However, nutrient retranslocation has been observed already in 6-month- 
old needles of several coniferous species (Fife et al. 2008). 

There is no consistent pattern in literature regarding the question as to whether the 
nutritional state itself is controlling the extent of nutrient retranslocation. Miller et al. 
(1979) found increased N retranslocation within needles of European black pine in 
stands with poor N nutrition. At the same time, increased element retranslocation has 
been observed with increasing plant availability of the respective element. For 
instance, in an N-fertilized Pinus radiata stand, Fife and Nambiar (1997) detected 
a growth increase of 4596 and simultaneously an N retranslocation that rose by a 
factor of 4.5. 

All of the studies mentioned above were case studies involving only one or a 
small number of sites. We tested the extent to which the findings of these studies of 
nutrient retranslocation in the foliar biomass are reflected by the extensive data set of 
the NFSI II using Norway spruce and Scots pine. We examined whether nutritional 
diagnosis can be improved for these two coniferous species by considering ratios 
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between foliar element contents of current-year needles and of 2- (Scots pine) or 3- 
(Norway spruce) year-old needles. In addition, we assigned these ratios to one of 
four nutritional ranges based on the assessment system of Góttlein (2015) in order to 
evaluate nutrient ratios (and potential retranslocation processes) dependent on the 
nutritional state of the respective element in the current-year needles. 

As shown in Fig. 9.18, ratios of N contents differ for the two tree species. For 
Norway spruce, there is a slight decrease (10%) in relative N contents in 3-year-old 
needles at sites with N deficiency. With improving N nutrition, the relative N 
contents in older needles decrease significantly, reaching 83% of the N contents in 
the current needle year at sites classified as N surplus sites. N is deemed to be a 
mobile nutrient in plants. Therefore, it is likely that the observed decrease in N 
contents in 3-year-old needles is caused by retranslocation processes. However, a 
weight increase among older needles may also contribute to the N content decrease 
in needles of this age. Consistent with the results of the study by Fife and Nambiar 
(1997), our findings suggest that the reduction of relative N contents in older needles 
with increasing N nutrition is likely caused by additional biomass growth. Thus, at 
many Norway spruce sites with normal or surplus N nutrition, N stimulates addi- 
tional biomass growth. In contrast, this appears not to be the case for Scots pine. For 
this species, N contents of older needles are slightly higher or similar compared to 
contents of current-year needles, and there is no significant pattern between sites of 
different N nutritional states. The growth of Scots pine at sites with normal and 
surplus N nutrition seems to be limited by other factors. This is likely also true for 
Scots pine at N-deficient sites, because otherwise a difference of N contents between 
younger and older needles would be expected, as reported in Miller et al. (1979). 

The ratios of P show similar patterns for Norway spruce and Scots pine. With 
increasing P nutrition, relative P contents in older needles decrease significantly, 
reaching only 7296 of current-year P content at sites with surplus P nutrition for 
Norway spruce and 8746 for Scots pine, respectively. P is also considered a readily 
mobile nutrient. Thus, retranslocation of P from older to current-year needles is 
likely, even if—as mentioned above—a weight increase in older needles contributes 
to the decrease of P contents in needles of this age. For Norway spruce, lowered P 
contents in older needles were detected already at sites with P deficiency, whereas at 
Scots pine sites with P deficiency, P contents did not differ between current-year and 
2-year-old needles. This suggests that P retranslocation between different aged Scots 
pine needles is less effective for Scots pine than Norway spruce. However, at N — 7, 
the sample size for this nutritional range is very low compared to the other ranges 
Observed in this study. 

Even for K, relative contents in the older needles of Norway spruce and Scots 
pine decrease significantly with increasing K nutrition range in current-year needles. 
For trees with surplus K nutrition, the relative K contents in older needles drop to 
less than 8096 of contents measured in current-year needles. This was observed for 
both Norway spruce and Scots pine. Again, K is considered highly mobile in plants. 
Therefore, increasing retranslocation of K with rising K nutrition is highly likely and 
supports the hypothesis discussed in Nambiar and Fife (1991) that the extent of 
retranslocation of K, P and N mostly shows a positive relationship to the absolute 
quantity of the respective element stored in the foliar biomass. However, a weight 
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Fig.9.18 Ratios between foliar element contents of 2- (Scots pine) or 3-year-old needles (Norway 
spruce) and current-year needles, grouped by nutritional ranges based on the assessment system of 
Góttlein (2015). Letters above boxplots indicate statistically significant differences between nutri- 
tional ranges of the respective element (Scheffé test, a < 0.05) 


increase among older needles may also contribute to the K content decrease in 
previous year needles. 

For Ca, distinctly higher contents in older needles were observed at Norway 
spruce sites (+40%) as well as at Scots pine sites (+55%). This relative increase of Ca 


286 U. Talkner et al. 


contents in older needles was visible in all nutritional ranges; i.e. it is independent of 
Ca contents in current-year needles. This is highly plausible as Ca in plant tissues is 
largely organically bound and therefore not translocated through the phloem. Fur- 
thermore, Ca is constantly supplemented by transpiration flow (Kadereit et al. 2014), 
leading to an enrichment of Ca contents in older needles which has been already 
Observed in previous studies for Norway spruce and Scots pine (e.g. Bauer et al. 
2000). It is notable that Ca ratios show the greatest variability compared to the other 
main nutrients shown in Fig. 9.18. This is consistent with the results of previous case 
studies that have observed the highest annual fluctuation of Ca contents in needles of 
Norway spruce (Evers 1972) and Scots pine (Hippeli and Branse 1992) compared to 
other main nutrients. It is quite likely that this is also reflected in the large-scale data 
set of the NFSI II. 

Compared to the other nutrients, Mg shows the greatest reduction in relative 
contents in older needles for both tree species (Fig. 9.18). This reduction is highest in 
trees with latent Mg deficiency, where contents in previous year needles drop to 60% 
for Norway spruce and 70% for Scots pine. In contrast, relative Mg contents in older 
needles amount to 80% (Norway spruce) and nearly 10096 (Scots pine) for trees 
assigned to the surplus Mg nutrition range. These findings are consistent with the 
results of other studies, where an increase in Mg retranslocation has been detected 
when Mg nutrition declined (Le Goaster et al. 1990; Reemtsma 1986). 

Although S appears to be organically bound in plants, in the literature it is 
considered a rather mobile nutrient (Nambiar and Fife 1991; Rennenberg 1999; 
Köstner et al. 1998). However, only very small or no S content gradients between 
current-year and older needles were detected for Norway spruce. In contrast, a slight 
enrichment of S in older needles of Scots pine was observed in all nutritional ranges. 
While this enrichment decreases slightly with increasing S nutrition in current-year 
needles of Scots pine, we found no statistically significant differences between S 
nutrition ranges for Norway spruce (Fig. 9.18). As S can also be taken up directly by 
the foliage, S enrichment in older needles cannot be excluded, although airborne 
deposition of S has reduced considerably in Germany in recent years. 

In summary, the ratios of contents of the main nutrients between current-year and 
older needles at Norway spruce and Scots pine sites of the NFSI II provide a means 
for drawing plausible conclusions. For both tree species, the immobile element Ca 
shows an enrichment in older needles, whereas for nutrients considered relatively 
mobile in plants (N, P, K, Mg), retranslocation from older into current-year needles 
is likely. The extent of element translocation and enrichment, respectively, corre- 
sponds to the general nutritional state for these two tree species (Fig. 9.1). For Scots 
pine, a species with relatively low nutrient requirements, the NFSI data set reveals a 
generally better nutritional situation and at the same time a higher enrichment of the 
immobile Ca compared to Norway spruce. The retranslocation of mobile nutrients 
shows similar patterns for both species, but the extent of foliar element 
retranslocation appears to be lower in most cases for Scots pine. 

Above, we discussed whether nutritional state itself controls the extent of nutrient 
retranslocation; even the large-scale dataset of the NFSI II cannot provide a clear 
answer. In the case of Mg, retranslocation from older to current-year needles 
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increases with declining Mg nutrition in current-year needles for both tree species. In 
contrast, our findings suggest that P and K are increasingly translocated with 
improving nutritional range of the respective element in current-year needles at 
Norway spruce and Scots pine sites. For N, this effect applies only to Norway 
spruce, whereas for Scots pine, no significant differences of N contents between 
current-year and older needles were observed over all N nutritional ranges, 
suggesting that at many Scots pine sites, growth seems to be limited by other factors. 

Precise determination of foliar element translocation within needle years requires 
that the nutritional data should originate from real time series, and furthermore, the 
weight of foliar biomass should be assessed for each needle year in order to calculate 
retranslocation on the level of annual changes of element quantities. As these data 
are not available, we were not able to exclude the possibility that a weight increase 
among older needles contributed to foliar element content changes that are not 
related to retranslocation processes. 


9.8 Conclusions 


Nutrient contents in the leaves and needles of the four major tree species on NFSI 
plots provided valuable information about the current nutritional status in Germany 
and revealed effects of increased N deposition, forest soil liming and air quality 
control measures on nutritional status. The hypotheses tested were largely confirmed 
by the NFSI dataset: 


1. Foliar N contents are related to atmospheric N deposition. 

2. Foliar P contents of European beech are deficient through large areas of Germany. 
Both geological substrate and atmospheric N deposition may influence foliar P 
nutrition. 

3. Foliar S contents are related to sulphate concentration in water extracts of subsoil 
samples. Due to a marked decrease in S deposition, stands at sites low in geogenic 
S tend to have an S shortage. 

4. Liming of acidified soils leads to increased foliar Ca and Mg contents, while foliar 
K contents decrease. 

5. Air quality control measures lead to decreased foliar lead contents. 

6. The nutritional diagnosis for conifers can be improved by considering the ratios 
between foliar element contents of 2- (Scots pine) or 3- (Norway spruce) year-old 
needles and current-year needles. 


We showed that foliar element contents are important for evaluating the current 
nutritional status of forest ecosystems and facilitate conclusions about the effective- 
ness of forest stabilization and air quality control measures. 

However, field and laboratory experiments are needed to reveal the causes for 
decreasing foliar P and K contents. The presence of deficient foliar P, S and K 
contents and high N to nutrient ratios indicates a critical nutrient status and should be 
considered in forest management planning, especially forest biomass harvesting. In 
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general, foliar element contents should be included in decision support systems for 
sustainable forestry. 

When working with NFSI data, it should always be considered that leaves and 
needles were collected in a single year only and that the sampling year varied among 
the federal states of Germany. Hence, annual fluctuations in foliar nutrient contents 
cannot be accounted for and may affect the differences in foliar nutritional status 
among NFSI plots and relationships to other parameters. 
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Chapter 10 A) 
Plants as Indicators of Soil Chemical iin 
Properties 


Hagen S. Fischer, Barbara Michler, Daniel Ziche, and Anton Fischer 


10.1 Introduction 


It has long been known that the distribution of plant species in space depends on site 
factors. Humboldt and Bonpland (1807) described the dependence of plant species 
on altitude in tropical countries, i.e. across a temperature gradient. The year 2013 
was the centenary anniversary of the publication of Braun-Blanquet's first paper in 
the field of vegetation science (Braun-Blanquet 1913), in which he asserted that 
chemical properties of soils, specifically acidity and content of nutrients, are the 
prime factors that determine the distribution patterns of plant species. Based on these 
findings, Ellenberg (1950) developed a system to indicate soil conditions on agri- 
cultural fields based on the weed species growing between the crops. He assigned 
ordinal values ranging from 1 (little) to 5 (much) for weed species for five main site 
factor groups: soil acidity (pH), nitrogen (N) availability, water supply, temperature 
and continentality. The arithmetic mean of the indicator values for all weed species 
at a given place was used as an indication of site condition. 

Later, Ellenberg extended the concept to all Central European vegetation types 
and plant species, respectively, and based the system on a 9-point scale (Ellenberg 
1974). This concept of indicator values has been improved in recent years (Ellenberg 
et al. 2001, 2003) and has been adapted for other countries, such as Switzerland 


H. S. Fischer (X) 
ifanos-Natur&Landschaft, Roettenbach, Germany 
e-mail: hagensfischer t-online.de 


B. Michler - A. Fischer 
Technical University Munich, Freising, Germany 
e-mail: b.michler@wzw.tum.de; hfischer@wzw.tum.de 


D. Ziche 
Thünen Institute of Forest Ecosystems, Eberswalde, Germany 
e-mail: daniel.ziche@thuenen.de 


© The Author(s) 2019 295 
N. Wellbrock, A. Bolte (eds.), Status and Dynamics of Forests in Germany, 
Ecological Studies 237, https://doi.org/10.1007/978-3-030-15734-0_10 


296 H. S. Fischer et al. 


(Landolt 1977; Landolt et al. 2010), Great Britain (Hill et al. 1999), Hungary 
(Zólyomi et al. 1967; Soó 1980; Borhidi 1995) and Poland (Zarzycki et al. 2002). 
Today, indicator values remain a very popular tool for the integrated assessment 
of site conditions. For example, Persson (1981) used indictor values to support the 
interpretation of ordination diagrams. 
Without detracting the credit these works deserve, it should be noted that the 
underlying concept suffers from several deficits: 


1. The assignment of indicator values to plant species is primarily based on the personal 
experience of the investigators. They “reflect the opinion of a (few) experts" (Wildi 
2016) rather than being a result of the analysis of measured habitat conditions. Direct 
measurements have been used only marginally to define the indicator values, as 
systematic measurements of site conditions in phytosociological relevés were very 
rare. The comparison of mean indicator values with measurements of certain factors 
has been applied a posteriori only by way of example (Ellenberg et al. 2001). 

2. The calculation of arithmetic means of indicator values is problematic, as ordinal 
variables should not be averaged. Möller (1992) suggests the use of medians 
instead of arithmetic means. Averaging the indicator values of the species 
occurring on a given plot is permissible only under the (implicit) auxiliary 
hypothesis that Ellenberg's indicator value classes have (at least approximately) 
equal class widths. 

3. Furthermore, there is debate as to whether either averages weighted or unweighted 
by cover should be used (Rodenkirchen 1982). The idea is that a species is to be 
expected to have a higher cover value when growing close to its ecological 
optimum. But cover also has a strong species-specific component: some spe- 
cies—orchids, for example—never occur at high cover, while others often 
do. The difference between averages weighted and unweighted by cover, how- 
ever, depends on the evenness of the vegetation of the plot: for plots with high 
evenness, the difference is small because all species have more or less the same 
weight. Relevant differences are expected only in plots with a pronounced dom- 
inance structure. However, using cover as a weight for a weighted average is 
problematic in any case: measurement of the specific response of a certain species 
to the site factor under discussion would be necessary to determine the width of the 
ecological amplitude (Peppler-Lisbach 2008). Species with very narrow ecolog- 
ical amplitude should receive a higher weight than species that occur over a wider 
range of ecological conditions. But such a measure is completely lacking in all 
indicator systems to date. The cover-weighted average is only a substitute for this 
shortcoming. 

4. Mean indicator values have also been used for environmental monitoring. Ewald 
et al. (2013) showed an increase in mean N values in forests in Central Europe 
over a period of nearly one century. Ewald and Ziche (2017), however, showed 
that Ellenberg's mean N values are positively correlated with several nutrients but 
not with N concentration in topsoil. So the question arises: which measurable 
environment factor caused the increase of the N values? 
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Several attempts have already made to overcome these shortcomings: a posteriori 
calibration tries to justify the use of indicator values (Ellenberg et al. 2001). In most 
cases, the expected correlation is significant even though there is a low coefficient of 
determination. In some cases, however, the sign of the regression coefficient is even 
opposite to expected (Wamelink et al. 2002). 

Hill et al. (1999), for example, recalibrated Ellenberg's indicator values based on 
the national database of British vegetation samples. Ewald and Ziche (2017) 
analysed which physical units correspond to the mean indicator value for nutrients. 

Nevertheless, none of these approaches addresses the major concern: the indicator 
system should indicate measurable properties of the soil (and other habitat variables) 
directly. Fischer (1986) used ordination methods to predict soil properties (pH) directly 
from vegetation relevés. However, prior to the second National Forest Soil Inventory 
(NFSI II) in Germany, data required to follow this approach was limited to small 
datasets covering only small spatial ranges and few vegetation types. 

The goal of this paper is to create a species-based indicator system to assess soil 
properties. The indicator system is based on intensive soil analyses and vegetation 
surveys that yielded the German NFSI II data. 


10.2 Climate, Soil, and Vegetation Data 


The NFSI II recorded soil data as well as vegetation relevés on a regular grid of 8 km 
grid size at 1838 sampling points (BMELV 2006; Wellbrock et al. 2016). Sampling 
was conducted between 2006 and 2008. The vegetation was sampled on an area of 
400 m? within a 30 m circle around the central soil pits of the plots. On the NFSI 
plots, 819 vascular plant species were recorded overall. 425 plant species occurred 
on more than 4 plots. Nomenclature of species follows Jansen and Dengler (2008). 

Soil variables that were accounted for in our work included pH (H20), pH(KC]), 
pH(CaCl,), cation exchange capacity and the stocks of total nitrogen, total phos- 
phorous (aqua regia extracts), organic and inorganic carbon and the cations Ca, 
Mg, K, Na, Al, Fe, Mn and H. Furthermore, the available field capacity was 
estimated based on texture analyses. Details on analytical methods can be found in 
HFA (GAFA 2014). Initial studies have shown that correlation between vegetation 
and soil is closest for the top 10 cm of soil (Ziche et al. 2016). Consequently, the first 
two depths (0—5 and 5-10 cm) were used for further analyses. Additionally, climate 
information was attributed to the NFSI plots using geostatistical methods such as 
ordinary kriging (precipitation) or regression kriging (temperature, Ziche and 
Seidling 2010). Complete datasets with all recognized variables were available for 
1619 sampling plots. 

Within the framework of the intensive (Level IT) monitoring of forest ecosystems 
in Germany, another independent dataset was compiled that comprises soil data as 


‘http://blumwald.thuenen.de/level-ii/allgemeine-informationen/ 
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well as vegetation relevés (Seidling 2005). This second dataset with 48 sampling 
points was used to evaluate our indicator system. All soil analyses were performed 
after 2005 and at depth intervals of 0—5, 5-10, 10-20, 20-40 and 40-80 cm. 

Correspondence analysis (CA) using the programme CANOCO was employed to 
identify outliers (ter Braak and Smilauer 2002). Species’ cover values were transformed 
according to Pudlatz (1975) to compensate the extremely skewed distribution of cover 
values. Rare species with a frequency of less than 596 were omitted from the analysis 
because they do not contribute to the general floristic structure of the vegetation. Only 
20% of the omitted species have their main occurrence in forests (Schmidt et al. 2011). 
Forty-five percent are regarded as species of forests as well as open land. They are less 
typical for forests. Thirty-four percent of the species are not mentioned at all in the list 
of Schmidt et al. (2011). These are either typical species of open habitats that were 
geminated in the forest only by chance or taxa that could not be determined to species 
level (e.g. Quercus sp.). The CA indicates that no plots with outlying species compo- 
sition were present. After omitting rare species, one relevé contained no other species 
and hence was omitted. 


10.3 Environmental Impact on Species Composition 


With the remaining 1618 relevés, forward selection of environmental variables using 
a Monte Carlo significance test with a canonical correspondence analysis (CCA) was 
applied to select soil variables that most affect the species composition of the 
vegetation. Forward selection of environmental variables in CCA is a stepwise 
regression approach: a variable is selected only if it contributes additionally to 
explaining species pattern compared to the variables already selected. The variable 
that explained the most and hence was selected first is base saturation (BS). C/N ratio 
and pH also show high predictive power. All variables appeared to significantly 
affect vegetation structure. This may be due to the large sample size. Moreover, 
significant relationships may not be relevant. For the purpose of indicators, the focus 
should be on the variables with the highest F value (Table 10.1). 

Organic carbon is very highly correlated with total N. It was excluded from the 
analysis to avoid problems with collinearity. 

The new indicator system is described below using base saturation as an example. 
Nevertheless, the model was developed for all variables listed in Table 10.1. How- 
ever, the best results are expected for the first few variables in the list. 

Finally, CCA was performed to identify the major gradients in vegetation. A 
biplot of the CCA with relevés and soil factors as environmental variables (Fig. 10.1) 
revealed a soil acidity gradient along the first axis with base saturation (BS) and pH 
increasing to the left and C/N ratio (CN) to the right. The second axis displays a 
climatic gradient with a positive correlation with altitude above sea level (Alti) and 
precipitation (Prec) and a negative correlation with temperature (Temp). The floristic 
structure of Germany's forests is primarily determined by a soil acidity gradient and 
secondarily by a temperature gradient. Hence, soil properties associated with acidity 
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Table 10.1 Ranking of environmental variables according to forward selection in CANOCO 
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Df AIC F Pr(>F) 
Base saturation (BS) 1 7030.8 54.0537 0.005 Er 
C/N ratio (CN) 1 7041.1 43.5222 0.005 = 
pH 1 7043.9 40.6465 0.005 i 
Altitude (Alti) 1 7051.1 33.2755 0.005 Fr 
Total nitrogen (Nges) 1 7053.5 30.8410 0.005 ok 
Exchangeable Ca 1 7054.7 29.6279 0.005 idi 
Cation exchange capacity (KAK) 1 7056.1 28.1512 0.005 ial 
Exchangeable K 1 7057.5 26.8032 0.005 +F 
Precipitation (Prec) 1 7059.3 24.9029 0.005 S 
Mean annual temperature (Temp) 1 7059.7 24.4844 0.005 iid 
Exchangeable Mn 1 7068.2 15.8808 0.005 ual 
Exchangeable Na 1 7068.5 15.6035 0.005 idi 
Total P 1 7069.0 15.0751 0.005 ze 
Exchangeable Mg 1 7070.7 13.3911 0.005 VE 
Inorganic carbon (Cco3) 1 7073.5 10.6246 0.005 X 
Exchangeable Al 1 7076.5 7.5715 0.005 ida 
Usable field capacity (nFK) 1 7077.3 6.7302 0.005 idi 
C/P ratio (CP) 1 7078.6 5.4352 0.005 iid 
Exchangeable H* 1 7079.7 4.4004 0.005 iu 
Exchangeable Fe 1 7079.9 4.2086 0.005 E 


** Pr(>F) < 0.01 


CCA2 
-2 
1 


4 
ji 
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Fig. 10.1 Biplot of the CCA with relevés (blue dots) and site factors 
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(base saturation, pH, C/N ratio) can be expected to be good indicated in a species- 
based indicator system. The significant effect of temperature on forest vegetation 
demonstrates the high sensitivity of forests to the expected climate changes. 


10.4 Modelling Species Response to Soil Properties 


We fitted generalized linear models (GLM), applying second-order polynomial 
logistic regression (McCullagh and Nelder 1989). Soil variables serve as indepen- 
dent variables to the presence/absence data of the species, the dependent variable. 
These models describe the conditional probability of the occurrence of the species 
depending on the soil conditions: 


p(Vi3) 
log | ————— ] = bo +b b 10.1 
(os) mt mt en 


where p(Vlx) is the conditional probability for finding species V at soil condition 
x and bo, b, and b» are the coefficients of the regression equation. This approach is 
equivalent to fitting a symmetric, unimodal response curve to the occurrences of the 
species (Jongman et al. 1995). This is a parametric approach. Parametric methods 
have the advantage that the species response curve can be described using terms such 
as optimum and tolerance (Jongman et al. 1995). These values for base saturation are 
given in the appendix. 

Unimodal response curves are the underlying principle of the commonly used 
CCA (ter Braak 1987; ter Braak and Smilauer 2002). However, it remains unclear 
whether the unimodal model is appropriate to describe species response curves 
(Austin and Meyers 1996). While some authors state that it is “unlikely ecologically” 
that species have a multimodal response to a single variable (Roberts n.d.), others 
favour bimodal and skewed response curves (Zeleny and Tichy n.d.). Therefore, we 
also applied generalized additive models (GAM), which allow any kind of response 
curve, to test for the occurrence of species with bimodal or skewed response curves. 
For this, we compared 95% confidence bands of the GLM with the GAM curves. If 
the GAM curve lies within the confidence band of the GLM, the latter is obviously 
an adequate description of the species response, and there is no reason to consider 
the more complicated GAM. Fitting of GLM and GAM was performed using the 
software package R (R Core Team 2016). 

In our dataset, most species fit very well to the unimodal model. This was 
expected as the unimodal model is the basis for the widely used correspondence 
analysis. If a majority of species violates the basic assumption of this method, it 
would not perform as well as it does. Frequent and successful application of this 
method also suggests that the unimodal model is appropriate for most species. We 
were able to show that bimodal response curves are the exception rather than 
the rule. 
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Figure 10.2 shows some examples: Circaea lutetiana is a species with a clear, 
bell-shaped distribution within the base saturation gradient with an ecological 
optimum at 0.7, whereas beech (Fagus sylvatica) is an example of a species with 
wide ecological amplitude with respect to base saturation. Deschampsia flexuosa and 
Mercurialis perennis are species clearly preferring the lower or upper end of the 
gradient, respectively, with an optimum at the lower or upper end of the range, 
respectively. 

Nevertheless, some species cannot be described adequately with a unimodal 
response curve. One example is Acer pseudoplatanus (Fig. 10.2e), which has one 
optimum around 30% base saturation and a second one at 100%. The GAM of this 
species lies outside the 95% confidence bands of the GLM. Such species cannot 
serve as indicator species in any indicator system as they do not have a clear 
optimum. Therefore, bimodal species were excluded from our indicator system. 
Fortunately, these cases are very rare, and most species in the dataset fit to the 
unimodal model. 

In a few cases, the response curve was U-shaped instead of bell-shaped. This is the 
case if the coefficient bz in the logistic regression is significantly greater than 0. In 
fact, this is a special case of a bimodal response curve. Such species also do not 
qualify as indicator species and were excluded from the indicator system. An example 
is Picea abies (Fig. 10.2f). 


10.5 Predicting Soil Properties by Species Composition 


In the next step, we needed to derive the conditional probabilities of different values 


of the soil factor to be indicated p(x| v) depending on the species combination V 


found in the forest stand. This is performed by means of the Bayes' formula (Fischer 
1990, 1994): 


(10.2) 


The multivariate conditional probability of finding the species combination V at 
soil condition x is estimated from the univariate response curves assuming indepen- 
dence of the effects: 


p(V |x) = p(Vil) pV) ... + pala) (10.3) 


The prior probabilities of the soil conditions p(x) correspond to the frequency 
distribution of x in the area of investigation. Kernel density estimation with 
R function "density" was used to determine p(x). The prior probability of the species 
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Fig. 10.2 Examples of species response curves with respect to base saturation (BS). The tics at 
probability 0 and 1 (bottom, top) show the location of relevés with and without the particular 
species, respectively. Circaea lutetiana has an optimum around 0.7 (7096), Fagus sylvatica is an 
indifferent species, Deschampsia flexuosa has a clear preference for low base saturations and 
Mercurialis perennis has a preference for high base saturation. Acer pseudoplatanus is a species 
with a bimodal response curve with respect to base saturation: there is one local maximum around 
0.3 and another one 1.0. Picea abies is an example for a species with U-shaped response curve 
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Fig. 10.3 Examples of probability profiles for relevés. The maxima of the curves correspond to the 
indicated base saturation (n, number of indicator species). Relevé 100037 is an example of a flat 
profile with a bimodal distribution indicating uncertain indication 


— 


composition p(V) is a constant at a given point in the landscape and hence does not 
need to be considered. The value of the soil condition x with the highest conditional 


probability p(x] V) is then taken as the result of the indication. 

The results of the application of the indicator model are curves describing the 
probability of different values of the soil factor on certain relevés based on the 
species growing at those points. Four examples from different regions in Germany 
are shown in Fig. 10.3 for the variable base saturation. In most cases, these profiles 
display a clear peak. The base saturation with the highest probability is the indicated 
base saturation value. Only in very few cases is the profile a flat curve indicating 
uncertain indication. An example is given in Fig. 10.3d. 

Comparison of the indicated and the measured base saturation in the independent 
reference dataset yields a quite high coefficient of determination of R = 0.6 


304 H. S. Fischer et al. 
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(Fig. 10.4). The second important variable according to forward selection of envi- 
ronmental variables (Table 10.1) is the ratio of organic carbon and total N (C/N 
ratio). With an R? of 0.38, nearly 40% of the variability of the C/N ratio can be 
predicted with the indicator system. With pH, the third variable in the ranking of the 
forward selection of environmental variables (Table 10.1), the coefficient of deter- 
mination (qo was 0.40. 


10.6 The WeiWIS Indicator System 


We implemented the algorithm described above in a MS-ACCESS application 
called “Weihenstephan Wood Indicator System" or WeiWIS. WeiWIS combines 
vegetation relevés with a species’ calibration data and generates indicated values 
for habitat factors of all relevés and habitat factor profiles for selected plots 
(Fig. 10.5). 

With WeiWIS as a new indicator tool, many unresolved problems with existing 
indicator systems become obsolete. The question as to whether the arithmetic mean 
or the median should be used to characterize a site does not apply to our approach, 
because the response curves themselves are considered, not only the maxima. This is 
also the reason why the question as to whether weighted or unweighted means leads 
to better result is not relevant here. In fact, species are weighted implicitly with the 
width of the ecological amplitude: species with a narrow and high peak have a higher 
weight in the system compared to species with a wider, flatter curve. 

Furthermore, the resulting probability profile for each relevé gives an indication 
of the reliability of the result. A wide and flat profile suggests a less reliable result, 
probably due to a smaller number of species or a species combination that includes 
contradictory species. 
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Fig. 10.5 Structure of the WeiWIS tool. Users can input their own vegetation relevés. They are 
analysed with the species calibration data, and indicated values for all relevés and habitat factor 
profiles are generated 


10.7 Discussion 


Although the application of indicator values is very popular, comparisons with 
measured values are quite rare in the literature. Michler (1994) found significant 
correlations between measured soil variables and mean indicator values with an R? 
of up to 0.2 (pH with mean R value, K*, Zn?* and phosphate with mean N value). 
Total N was not significantly correlated with the N value. Ewald and Ziche (2017) 
found base saturation was the best variable to predict Ellenberg's indicator value for 
nutrients (mN). They found a correlation of —0.55 between C/N ratio and mN, 
corresponding to an R° of 0.30. 

Our indicator system, however, shows a significant correlation between measured 
and indicated base saturation, with R? = 0.6. This is a remarkable improvement 
compared to Ewald and Ziche (2017), especially since they used the same BZE II 
dataset as our study. 

A major advantage of our indicator system is that it indicates soil properties (such 
as base saturation or C/N ratio) directly and not via a dimensionless value (mean 
indicator value) that needs to be correlated a posteriori with the desired measurable 
parameter. 

Several attempts have already been made to define indicator values for plant 
species on the basis of measurements. Wamelink et al. (2005) used the mean of pH 
values for all relevés where a species is present as an indicator value. However, this 
concept is biased by the extent of the range of the observed gradient. If the 
calibration dataset does not cover the entire range of habitat conditions that a species 
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can occupy, the mean cannot correctly reflect the species’ optimum. Furthermore, 
the mean is influenced by the frequency distribution of the habitat factor. If some 
habitat conditions occur more frequently in the calibration dataset than others, these 
conditions will receive a higher weight for the definition of the indicator values. 
Gégout et al. (2003) overcame this problem by using GLM to define the ecological 
optimum. The value of the habitat factor with the highest probability is taken as the 
indicator value for the species. However, both approaches have their indicator based 
on the arithmetic mean of the indicator values of the species present in a plot. 

A very different approach is the imputation method of Tichy et al. (2010). Here, 
the vegetation relevé for which environmental variables should be indicated is 
compared with the relevés of a reference dataset for which environmental measure- 
ments are available. The mean of the values of the measured environmental variables 
of floristically similar relevés in the reference dataset is used for indication. This 
approach requires a huge reference dataset where all vegetation types are represented 
with statically representative sample sizes. Otherwise, indicator values cannot be 
identified for all relevés. In contrast to our approach, Tichy's method produces only 
one indicator value but provides no measure of the reliability of the value. With his 
recommended parameter (maximum distance = 0.5), only 22% of our relevés could 
be assigned a value, showing that our reference dataset with 1619 relevés is still too 
small for Tichy's approach. With a maximum distance of 1, all relevés were 
assigned. But the variance of the estimated values was significantly smaller 
(p — 0.09) than the measured ones. Consequently, the imputed values are clearly 
biased. 

Peppler-Lisbach (2008) based his indicator concept on niche overlap: the indi- 
cated value is the centre of the overlap of the niches of all species in a plot. 
Obviously, this concept can only be applied if a// species in a plot have overlapping 
niches. 


10.8 Conclusions 


To date, all species-based systems to indicate site conditions, such as the famous 
Ellenberg indicator values, reflect "expert opinions only" (Wildi 2016), rather than 
an outcome of sound statistical analysis of measured data. With WeiWIS, we have 
developed an indicator system for soil properties that is based on a large, statistically 
representative sample of measurements. We have undertaken the step away from 
systems developed during the last half century that are primarily subjective towards a 
quantitative system that is based on a systematic sampling design and which follows 
a sound statistical approach. 

Species-based indicator systems that indicate complex factors, like Ellenberg's 
system, should not be a substitute for ecological measurements in environmental 
monitoring (Michler 1994), because changes, for example, in the mean N value, 
cannot be attributed to a concrete, measurable variable. However, this step is neces- 
sary to set up effective, sustainable planning in the management of habitats and to 
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avoid misinterpretations. Our system avoids these problems because it directly 
indicates measurable values. The method can be applied to all environmental vari- 
ables that effect species distribution. 

Moreover, our indicator systems can help to estimate the conditions in the past, 
for which no measurements are available, and then compare them to the current 
situation within the same system. 


Acknowledgements The National Forest Soil Inventory is a joint project of the federal govern- 
ment and the German states. We thank the individual federal states for providing the datasets, as 
well as the Federal Ministry of Food and Agriculture (BMEL) for facilitating the data analysis. We 
acknowledge in particular all site investigators and the persons in charge of the individual federal 
research stations (http://www.blumwald.de/bze/ansprechpartner-bze) for their assistance and sup- 
port. This work was supported by the Thünen Institute, the German Federal Research Institute for 
Rural Areas, Forestry and Fisheries. A previous version that was limited to Bavaria was supported 
by project F49 of the board of trustees of the Bavarian Agency for Forest and Forestry and the 
Bavarian State Ministry for Agriculture and Forestry. 


References 


Austin MP, Meyers JA (1996) Current approaches to modelling the environmental niche of eucalypts: 
implication for management of forest biodiversity. For Ecol Manag 85(1-3):95-106. https://doi. 
org/10.1016/s0378-1127(96)03753-x 

BMELV (2006) Arbeitsanleitung für die zweite bundesweite Bodenzustandserhebung im Wald 
(BZE II). Bundesministerium für Ernährung, Landwirtschaft und Verbraucherschutz, Berlin 

Borhidi A (1995) Social behaviour types, the naturalness and relative ecological indicator values of 
the higher plants in the Hungarian flora. Acta Bot Hungar 39(1-2):97-181 

Braun-Blanquet J (1913) Die Vegetationsverhältnisse der Schneestufe in den Rátisch-Lepontischen 
Alpen: Ein Bild des Pflanzenlebens an seinen äussersten Grenzen. Schweizerische 
Naturforschende Gesellschaft, Zurich 

Ellenberg H (1950) Unkrautgemeinschaften als Zeiger für Klima und Boden. Eugen Ulmer, 
Stuttgart 

Ellenberg H (1974) Zeigerwerte der Gefässpflanzen Mitteleuropas. Scripta Geobotanica IX. Erich 
Goltze, Góttingen 

Ellenberg H, Weber HE, Düll R, Wirth V, Werner W (2001) Zeigerwerte von Pflanzen in 
Mitteleuropa. Scripta Geobotanica XVIII, 3rd edn. Erich Goltze, Góttingen 

Ellenberg H, Weber HE, Düll R, Wirth V, Werner W (2003) Zeigerwerte von Pflanzen in 
Mitteleuropa. Scripta Geobotanica XVIII, Datenbank. Erich Goltze, Góttingen 

Ewald J, Hennekens S, Conrad S, Wohlgemuth T, Jansen F, Jenssen M, Cornelis J, Michiels HG, 
Kayser J, Chytry M, Gegout JC, Breuer M, Abs C, Walentowski H, Starlinger F, Godefroid S 
(2013) Spatial and temporal patterns of Ellenberg nutrient values in forests of Germany and 
adjacent regions—a survey based on phytosociological databases. Tuexenia 33:93-109 

Ewald J, Ziche D (2017) Giving meaning to Ellenberg nutrient values: National Forest Soil 
Inventory yields frequency-based scaling. Appl Veg Sci 20(1):115-123. https://doi.org/10. 
1111/avsc.12278 

Fischer H (1986) Zur Vorhersage ókologischer Parameter aufgrund der floristischen Struktur der 
Vegetation. Tuexenia 6:405-414 

Fischer HS (1990) Simulating the distribution of plant communities in an alpine landscape. 
Coenoses 5:37-43 


308 H. S. Fischer et al. 


Fischer HS (1994) Simulation der ráumlichen Verteilung von Pflanzengesellschaften auf der Basis 
von Standortskarten. Dargestellt am Beispiel des MaB-Testgebiets Davos — Simulation of the 
spatial distribution of plant communities based on the maps of site factors. Veróffentlichungen 
des Geobotanischen Instituts der Eidgenóssischen Technischen Hochschule, Stiftung Rübel, vol 
122. ETH Zürich, Zurich 

GAFA (ed) (2014) Handbuch Forstliche Analytik (HFA). Grundwerk und 1. — 5. Ergánzung des 
Gutachterausschuss Forstliche Analytik (GAFA). Federal Ministry of Food, Agriculture and 
Consumer Protection, Northwest German Forest Research Institute, Bonn 

Gégout J-C, Hervé J-C, Houllier F, Pierrat J-C (2003) Prediction of forest soil nutrient status using 
vegetation. J Veg Sci 14(1):55-62 

Hill MO, Mountford J, Roy D, Bunce RGH (1999) Ellenberg's indicator values for British plants. 
Ecofact Research Report Series 2b. Institute of Terrestrial Ecology, Huntingdon 

Humboldt A, Bonpland A (1807) Ideen zu einer Geographie der Pflanzen nebst einem 
Naturgemälde der Tropenländer. Cotta, Tübingen 

Jansen F, Dengler J (2008) GermanSL -Eine universelle taxonomische Referenzliste für 
Vegetationsdatenbanken in Deutschland. Tuexenia 28:239-253 

Jongman RHG, ter Braak CJF, van Tongeren OFR (1995) Data analysis in community and 
landscape ecology. Cambridge University Press, Cambridge 

Landolt E (1977) Ökologische Zeigerwerte zur Schweizer Flora. Veröffentlichungen des 
Geobotanischen Instituts der Eidgenössischen Technischen Hochschule, Stiftung Rübel, 
vol 64. ETH Zürich, Zurich 

Landolt E, Bäumler B, Erhardt A, Hegg O, Klötzli F, Limmler W, Nobis M, Rudmann-Maurer K, 
Schweingruber F, Theurillat J (2010) Flora indicativa: Ökologische Zeigerwerte und 
biologische Kennzeichen zur Flora der Schweiz und Alpen, 2nd edn. Haupt Verlag, Bern 

McCullagh P, Nelder JA (1989) Generalized linear models. Monographs on statistics and applied 
probablilty, vol 37, 2nd edn. Chapman and Hall/CRC, London, New York 

Michler B (1994) Vegetationskundliche, bodenkundliche, phänologische und morphologische 
Untersuchungen zur Variabilität sekundärer Pflanzeninhaltsstoffe am Beispiel der 
Pyrrolizidinalkaloide in Symphytum officinale agg. Friedrich-Alexander-University Erlangen- 
Nürnberg, Erlangen 

Möller H (1992) Zur Verwendung des Medians bei Zeigerwertberechnungen nach Ellenberg. 
Tuexenia 12:25-28 

Peppler-Lisbach C (2008) Using species-environmental amplitudes to predict pH values from 
vegetation. J Veg Sci 19(4):437-U434. https://doi.org/10.3170/2008-8-18394 

Persson S (1981) Ecological indicator values as an aid in the interpretation of ordination diagrams. 
J Ecol 69(1):71-84 

Pudlatz H (1975) Zur Transformation der Variablen bei mangelnder Normalverteilung. Gießener 
Geogr Schriften 32:29-33 

R Core Team (2016) R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna 

Roberts D (n.d.) R labs for vegetation ecologists. LAB 5—Modeling species/environment relations 
with generalized additive models. http://ecology.msu.montana.edu/labdsv/R/labs/lab5/lab5. 
html 

Rodenkirchen H (1982) Wirkungen von Meliorationsmaßnahmen auf die Bodenvegetation eines 
ehemals streugenutzten Kiefernstandortes in der Oberpfalz. Forstliche Forschungsberichte 
München, vol 53. Chair for soil sience at University Munich, Munich 

Schmidt M, Kriebitzsch W-U, Ewald J (2011) Waldartenlisten der Farn-und Blütenpflanzen, Moose 
und Flechten Deutschlands. BfN, Bonn 

Seidling W (2005) Ground floor vegetation assessment within the intensive (Level II) monitoring 
of forest ecosystems in Germany: chances and challenges. Eur J For Res 124(4):301-312. 
https://doi.org/10.1007/s10342-005-0087-1 

Soó R (1980) Synopsis systematico-geobotanica florae vegetationisque Hungariae VI. Akadémiai 
Kiadó, Budapest 


10 Plants as Indicators of Soil Chemical Properties 309 


ter Braak CJF (1987) Unimodal models to relate species to environment. University Wageningen, 
Wageningen 

ter Braak CJF, Smilauer P (2002) CANOCO reference manual and CanoDraw for Windows user's 
guide: software for canonical community ordination (version 4.5). Biometris, Wageningen 

Tichy L, Hájek M, Zeleny D (2010) Imputation of environmental variables for vegetation plots 
based on compositional similarity. J Veg Sci 21(1):88-95. https://doi.org/10.1111/j.1654-1103. 
2009.01126.x 

Wamelink GWW, Goedhart PW, van Dobben HF, Berendse F (2005) Plant species as predictors of 
soil pH: replacing expert judgement with measurements. J Veg Sci 16(4):461—470. https://doi. 
org/10.1111/j.1654-1103.2005.tb02386.x 

Wamelink GWW, Joosten V, van Dobben HF, Berendse F (2002) Validity of Ellenberg indicator 
values judged from physico-chemical field measurements. J Veg Sci 13(2):269—278. https://doi. 
org/10.1658/1 100-9233(2002)013[0269:voeivj]2.0.co;2 

Wellbrock N, Bolte A, Flessa H (eds) (2016) Dynamik und ráumliche Muster forstlicher Standorte 
in Deutschland: Ergebnisse der Bodenzustandserhebung im Wald 2006 bis 2008. Thiinen 
Report, vol 43. Johann Heinrich von Thiinen Institute, Federal Research Institute for Rural 
Areas, Forestry and Fisheries, Braunschweig 

Wildi O (2016) Why mean indicator values are not biased. J Veg Sci 27(1):40-49 

Zarzycki K, Trzcinska-Tacik H, Rözanski W, Szelag Z, Wolek J, Korzeniak U (2002) Ecological 
indicator values of vascular plants of Poland. Biodiversity of Poland, vol 2. W. Szafer Institute 
of Botany, Polish Academy of Science, Krakow 

Zeleny D, Tichy L (n.d.) Species response curves in JUICE. http://www.sci.muni.cz/botany/zeleny/ 
hof.php 

Ziche D, Michler B, Fischer HS, Kompa T, Hohle J, Hilbrig L, Ewald J (2016) Boden als Grundlage 
biologischer Vielfalt. In: Wellbrock N, Bolte A, Flessa H (eds) Dynamik und ráumliche Muster 
forstlicher Standorte in Deutschland. Ergebnisse der Bodenzustandserhebung im Wald 2006 bis 
2008. Thiinen Report, vol 43. Johann Heinrich von Thiinen Institute, Federal Research Institute 
for Rural Areas, Forestry and Fisheries, Braunschweig, pp 292-342 

Ziche D, Seidling W (2010) Homogenisation of climate time series from ICP Forests Level II 
monitoring sites in Germany based on interpolated climate data. Ann For Sci 67(8):804. 
https://doi.org/10.105 1/forest/201005 1 

Zólyomi B, Baráth Z, Fekete G, Jakucs P, Karpati I, Kárpáti V, Kovacs M, Maté I (1967) 
Einreihung von 1400 Arten der ungarischen Flora in ökologische Gruppen nach 
TWR-Zahlen. Fragm Bot Mus Hist Nat Hung 4:101-142 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons licence and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter's Creative 
Commons licence, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter's Creative Commons licence and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


Chapter 11 A) 
Spatial Response Patterns in Biotic Ss 
Reactions of Forest Trees and Their 
Associations with Environmental Variables 

in Germany 


Nadine Eickenscheidt, Heike Puhlmann, Winfried Riek, Paul Schmidt- 
Walter, Nicole Augustin, and Nicole Wellbrock 


11.1 Introduction 


Forest soils show diverse conditions and are subject to natural and anthropogenic 
changes, as was demonstrated in the previous chapters that evaluated the results of 
the first National Forest Soil Inventory (NFSI D) and second National Forest Soil 
Inventory (NFSI II) of Germany. With regard to soil acidification, a slow recovery 
has been observed since the NFSI I in the 1990s. However, constant high loads of 
atmospheric nitrogen (N) from industrialization, burning of fossil fuels, traffic and 
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intensive agriculture (Berge et al. 1999; Galloway et al. 2008), which are associated 
with eutrophication and acidification (Aber et al. 1998; de Vries et al. 2014), are still 
worrying. The nutrition of forest trees and soil vegetation indicated an oversupply of 
N. Due to the strong increase in carbon (C), C/N ratios in the organic layer and upper 
mineral soil layers significantly increased. Heavy metals showed a translocation 
from the organic layer to the upper mineral soil. Furthermore, the modelled time 
series of drought stress indices and stored soil water available to plants indicated an 
increase in the intensity of water deficiency since 1990 and a decrease in the number 
of years characterized by good water supply. Based on these findings, the question of 
greatest relevance is how forest trees respond to the conditions and changes in forest 
soils. 

In the present chapter, the biotic reactions of forest trees to conditions and 
changes in forest soils and to environmental conditions in general were examined. 
The focus was the four main tree species of Germany: Norway spruce (Picea abies 
(L.) Karst), Scots pine (Pinus sylvestris L.), European beech (Fagus sylvatica L.) and 
pedunculate and sessile oak (Quercus robur L. and Q. petraea (Matt.) Liebl., 
considered together), as well as the European silver fir (Abies alba Mill.). Tree 
defoliation, tree growth and tree nutrition were chosen as biotic indicators of 
tree vitality. Tree defoliation denotes the loss of needles or leaves in the crown of 
a tree compared to a local or absolute reference tree with full foliage. Defoliation is 
assessed as part of the Forest Condition Survey. The Forest Condition Survey 
represents a basic part of the Forest Monitoring in addition to the NFSI and the 
Intensive Forest Monitoring. In Germany, the condition of forest trees was recorded 
first in 1984, and the survey has been conducted annually throughout Germany since 
1990 (see Chap. 1). Tree growth is not a part of the Forest Condition Survey and 
NFSI, but growth rings were evaluated on NFSI plots in some federal states in 
Germany. Tree nutrition was recorded as an obligatory parameter during both NFSIs 
(see Chaps. 1 and 9). The following sections deal with (1) the secondary growth 
response to drought, (2) the definition of defoliation development types and reasons 
for differences among these types, (3) the definition of forest nutrition types and 
reasons for differences among these types, as well as (4) the joint evaluation of 
defoliation development types and forest nutrition types in Germany. The overall 
aim was to identify regions at risk of tree vitality loss and risk factors. The findings 
could contribute to choosing appropriate political and management measures to 
sustain and improve tree vitality. 


11.2 The Secondary Growth Response to Drought 


This section discusses the extent to which the secondary growth of trees is associated 
with the availability of soil water. For the analysis, drill cores were extracted within 
the federal states of Baden-Wuerttemberg, Hesse, Lower Saxony, Bremen and 
Saxony-Anhalt. 197 drill cores were available for spruce, 193 for beech, 30 for fir, 
174 for pine and 98 for oak (common and sessile oak). The vast majority of these 
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Fig. 11.1 Boxplots of the annual growth ring widths for spruce (a), pine (b), fir (c), oak 
(d) and beech (e) from 1961 to 2005. Note that years 1960 to 1990 include measurements only 
from Baden-Wuerttemberg 


drill cores were taken at plots located on brown soils. Soils that were affected by 
groundwater and stagnant water were not included in further analysis. In Baden- 
Wuerttemberg, the widths of annual growth rings were measured for the entire core 
up to the centre of the stem, whereas in other federal states only the last 15 annual 
growth rings prior to sampling (2006-2008) were available (Thormann 2014). All 
further analysis refers to the period from 1961 (beginning of the LWF-Brook90 
modelling) to 2005. In total, this led to growth ring measurements from 299 plots 
with on average 2-3 trees per plot; Fig. 11.1 gives an overview of the time series 
used. In addition to the time series of the absolute annual growth ring widths, various 
adjusted growth trends and standardized time series were examined for their corre- 
lations with climate and water balance variables. Correlations with absolute annual 
growth ring widths were greatest; hence, only these are discussed below. 

The annual growth ring data were linked to the results of the soil water balance 
simulations with LWF-Brook90 and other climatic variables (see Chap. 10). A total 
of 134 different climate and soil water variables were assigned to each annual growth 
ring for the corresponding NFSI plot and year. Table 11.1 gives an overview of the 
correlations between the annual growth ring widths and some of the climate and 
water regime variables. Many of these correlations were statistically significant due 
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Table 11.1 Correlations (Pearson coefficient) between annual growth ring widths and character- 
istic values for climate and soil water availability at the NFSI plots 


Silver 


Spruce Pine fir Oak Beech 


Minimum temperature in 
May [°C] 

Mean annual temperature — tmean y 
[°C] 

= Temperature sum in veg. tsum_vp 
= period [°C] 

& Number of days > 5 °C [d] gdd5 y 


tmin may 


e 


Day degree sum > 5 °C [°C] gdd5_tsum_y 


Air tem 


Begin of vegetation period vp start 
[Julian day] 


Duration of vegetation peri- vp dauer 
od [d] 


Annual precipitation sum — prec y 
[mm] 


Precipitation sum in veg. — prec vp 
E period [mm] 
E Precipitation sum May to prec_mayjul 
2 July [mm] 
E Grass reference evapo- etÜ vp 
= transpiration [mm] 


Climatic water balance kwb_vp 
[mm] 
Deep percolation [mm] vrfln_vp 


Plant available soil water ^ Spo,100_y 
0-100 cm [mm] 


Plant available soil water Spo,100_ vp 
0-100 cm [mm] 
Plant available soil water ^ Spo,10_y 
0-10 cm [mm] 
E Plant available soil water ^— Spoio vp 
= 0-10 cm [mm] 
"É Plant available soil water Sp,1030_Y 
2 10-30 cm [mm] 
Plant available soil water _Sp,1030_vp 
10-30 cm [mm] 
Plant available soil water — Sp3oso y 
30-60 cm [mm] 


Plant available soil water ^ Sp3oso vp 
30-60 cm [mm] 


(continued) 
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Table 11.1 (continued) 
Silver 
Spruce Pine fir Oak Beech 
Plant available soil water Sp.6090 y 
60-90 cm [mm] 
Plant available soil water Sp.6090_Vp 
60-90 cm [mm] 
3 Total soil water 0-100 cm — Sioioo y 
= [mm] 
3 Total soil water 0-100 cm Sto100. vp 
[mm] 
Total soil water 0-10 cm Sto10_y 
[mm] 
Total soil water 0-10 cm Sio vp 
[mm] 
Total soil water 10-30 cm — Suioso. y 
[mm] 
Total soil water 10-30 cm — Suioso. vp 
[mm] 
Total soil water 30-60 cm — Susoco y 
[mm] 
Total soil water 30-60 cm —St3060_vp 
[mm] 
Total soil water 60-90 cm —St.6090_y 
[mm] 
Total soil water 60-90 cm _St,soso_vp 
[mm] 
Number of days with d_Ywi200_vp 
ww <-1200 hPa [d] 
Integral sum of matric po- — v. Vwizoo vp 0.078 0.119 0.066 
tential below 
yw <-1200 hPa [MPa] 
& Number of days with d REWAO vp 
Ë REW < 04 [d] 
S 
5 Integral sum of relative v REWA0 vp 
E plant available soil water 
= below REW < 0.4 [mm] 
Transpiration ratio Tratio_vp 


[mm mm] 
Tratio sum below Tra- 
tio < 0.5 [mm mm] 


Transpiration difference 
[mm] 


v Tratio50 vp 


Tdiff vp 


Significance levels of the correlations: dark grey — p « 0.001, light grey — p « 0.01, white — not 
significant; white numbers: covariable in boosted regression trees. Variable ending y: means/totals 
over the whole year; vp: dynamic vegetation period from LWF-Brook90 
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to the large sample size, but the correlations between annual growth rings and 
climate and water regime variables were generally weak; i.e. they statistically 
differed from zero only by small amounts. In Table 11.1, variables showing very 
weak correlations for all tree species were omitted for a better overview. There were 
clear differences between the tree species considered: soil water availability in 
particular was associated with secondary growth in beech trees. Both the absolute 
soil water storage (S, Sy) and the derived water shortage indices were significantly 
correlated with annual growth ring widths of beech. Oak also showed an association 
with soil water capacity. Compared to beech, however, lower depths (30—60, 
60—90 cm) play a greater role. Correlations with water scarcity indices were, in 
most cases, not significant for oak. However, oak appeared to benefit from more 
frequent excess of water, as the comparatively strong correlation to seepage values 
suggested. Among the conifer species, spruce had the strongest correlation between 
annual growth ring width and soil water retention. Pine showed a stronger correla- 
tion with precipitation totals, while the secondary growth of fir was mostly correlated 
with temperature variables. 

The mean values of effective root depth compared to mean values for NFSI or 
standard depth (0—100 cm) were not more strongly correlated with annual growth ring 
widths. Water scarcity indices derived from the modelled soil water contents and 
matrix potentials were also only partly more strongly correlated than the absolute soil 
water storage values. Of the water scarcity indices considered, the shortfall of a 
critical matrix potential in the root space (v_Pw1200_Vp) showed the closest relation 
to secondary growth. v '^wi»oo vp was highly significantly correlated with annual 
growth ring widths for all tree species with the exception of oak. 

Based on a preselection of possible explanatory variables (Table 11.1), boosted 
regression trees (BRTs) were used to estimate the annual growth ring widths of a 
given tree species as a function of climate and soil water variables (R version 3.3.1, 
package “dismo”; Elith et al. 2008). Only variables that were statistically signifi- 
cantly correlated with width of annual growth rings and whose functional correlation 
depicted in the BRTs was useful and justifiable in soil science and plant physiology 
were permitted as covariables in the BRTs. The BRTs explained between 19.3% 
(spruce) and 61.646 (oak) of the variance in the measured annual growth ring widths. 
The explanatory grades of the BRTs for beech (35.1%), pine (37.1%) and fir (26.0%) 
were similar. Figure 11.2 gives an overview of the covariables considered in the 
BRTs and their relative influence on the explained variance. 

Data on soil water capacity and the resulting water shortage indices were included 
as covariables in all BRT models. As expected, lower soil water availability or more 
pronounced dry periods led to a decline of annual growth ring widths. This relation- 
ship was particularly evident in spruce and beech. Similar reactions were observed 
by Alavi (2002) and Scharnweber et al. (2011). Together, covariables describing 
water availability were responsible for 48% (oak) to 100% (spruce) of the variance 
indicated by the BRTs. With the exception for the spruce model, air temperature was 
another important covariable: an increase in the width of annual growth rings with 
rising temperatures was observed in the lower temperature ranges, while at higher 
temperature ranges, a decline or plateau of the annual growth ring widths was 
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Fig. 11.2 Relationship between prediction of the model (y-axis) and BRT covariables (x-axis) for 
the various tree species. Percentage: share of the covariable in the variance of annual growth ring 
widths declared by the BRT 


evident for all tree species. Precipitation (for pine and beech) or rather seepage (for 
oak) was another covariable of the BRTs. 


11.3 Defoliation Development Types and Associated Risk 
Factors 


The Forest Condition Survey is mandatory across Europe and has been conducted 
annually on a 16 x 16 km grid throughout Germany since 1990. Between 2006 and 
2008, the Forest Condition Survey took place on the denser grid of the NFSI II 
[mainly 8 x 8 km; with exception of the federal states Rhineland-Palatinate 
(4 x 12 km + 16 x 16 km), Saarland (2 x 4 km) and Schleswig-Holstein 
(8 x 4 km)]. Data from the corresponding denser grids were also available for 
Baden-Wuerttemberg, Hesse, Lower Saxony and Saxony-Anhalt from 2005 to 2015, 
for Mecklenburg-Western Pomerania from 1991 to 2015, for Rhineland-Palatinate 
additionally from 2009 to 2010 and for Saarland from 2009 to 2015. A partial dataset 
based on the denser grid was also provided by Bavaria from 2009 to 2015. In 
addition, changes of the grid over time occurred, such as shifts of the initial grid to 
coincide with the grid of the National Forest Inventory in Bavaria in 2006 and in 
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Brandenburg in 2009. Tree defoliation represents the main parameter assessed 
during the Forest Condition Survey. The estimation of defoliation takes place 
visually using binoculars, and defoliation is recorded in 5% classes from 0% 
(no defoliation) to 100% (dead tree). In addition to defoliation, several other 
parameters (e.g. insect infestation and fructification) are investigated. A detailed 
description of the survey and quality assurance can be found in Wellbrock et al. 
(2016) for Germany and in Eichhorn et al. (2016) for Europe. The objectives of this 
section include (1) identifying regions of similar level and temporal development of 
defoliation (age-independent defoliation development types) for the four main tree 
species of Germany and (2) determining reasons for differences in defoliation among 
defoliation development types. Particular focus was placed on regions at risk of high 
levels of tree defoliation and risk factors. In Sect. 11.3.1 defoliation development 
types are defined, in Sect. 11.3.2 variables associated with defoliation are deter- 
mined, and in Sect. 11.3.3 an integrated analysis of defoliation development types 
and associated variables is conducted. 


11.3.1 Defining Age-Independent Defoliation Development 
Types 


In the first step, defoliation development types were defined; these types characterize 
regions of similar level and temporal development of defoliation. The definition of 
defoliation development types posed two problems. First, complete time series of 
defoliation of a plot were necessary. Complete time series could only be available for 
the 16 x 16 km basic grid, if at all. However, changes of this grid have resulted in a 
loss of many plots, including all of Bavaria and Brandenburg. Hence, the original 
defoliation data were not very useful for defining defoliation development types for 
all of Germany. Second, if nevertheless the few complete time series were used for 
defining defoliation development types, the resulting defoliation development types 
mainly reflected tree age due to the strong species-specific dependence of defoliation 
on age (Eickenscheidt et al. 2016, 2019). The aim, however, was to determine 
age-independent defoliation development types, since regions at risk of high levels 
of defoliation and risk factors which could be attributed to factors other than age, 
e.g. human activities, were the primary focus. Thus, age adjustment was necessary to 
make an age-independent statement about regions at risk. In order to achieve both 
goals (complete time series and age adjustment) at once, we draw on our spatio- 
temporal models for defoliation, which were also developed as part of the evalua- 
tions of the NFSI II data. A detailed description and results can be found in 
Eickenscheidt et al. (2016, 2019). Spatio-temporal modelling was conducted by 
species using generalized additive mixed models (GAMMs; Augustin et al. 2009; 
Lin and Zhang 1999; Wood 2006a, b): 
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log; E(vit) = logi(min) = fi(stand age) + f,(easting;, northing; year) (11.1) 


where yj, is the mean defoliation of one of spruce, pine, beech or oak for sample plot 
i= 1,..., n and for year t = 1, ..., 26, averaged over all trees of the respective 
species at sample plot i. Before averaging, the defoliation class of a single tree was 
converted into a continuous variable by using the midpoint of the class. The logit 
link was used since defoliation represents an estimated percentage ranging between 
0 and 100; hence defoliation was divided by 100, and the logit link ensured that fitted 
values were bounded in (0,1). A one-dimensional smooth function of stand age was 
applied using a penalized cubic regression spline basis for smoothing. A three- 
dimensional smooth function of year and of coordinates (easting and northing of 
the Gauß-Krüger coordinate system, GK4) was used; this is a tensor product 
smoother constructed from a two-dimensional marginal smooth for space and a 
marginal smooth for time (Augustin et al. 2009). The marginal bases were a 
two-dimensional thin-plate regression spline basis for easting and northing and 
a cubic regression spline basis for year. The tensor product of the two marginal 
smooths was chosen so that different penalties for space (metre) and time (years) were 
used (Wood 2006a, b). A normal distribution was assumed for the error term. The 
number of trees per plot was considered as weights. The temporal correlation was 
modelled by a first-order autoregressive-moving average process (ARMA(1,1)) 
(Pinheiro and Bates 2000). All evaluations were performed using R 3.4.1 (R Core 
Team 2017). The R package mgcv (Version 1.8-18; Wood 2017) was utilized for 
spatio-temporal modelling of defoliation. Although the models were adequate, the 
model approach has inherent uncertainties. Models generally have model errors, 
although here a substantial part of the total variance was explained [adjusted R? for 
spruce, 0.54 (n — 10182); pine, 0.41 (n — 9252); beech, 0.47 (n — 9283); and oak, 
0.47 (n — 6098)]. To take this uncertainty into account, defoliation time series for 
each plot and tree species were repeatedly simulated (40 times) from the predictive 
distribution of defoliation, and cluster analysis was then carried out for each of the 
simulated time series. The predictive distribution was obtained by sampling from the 
multivariate normal posterior distribution of the model parameters, which itself was 
obtained by using Bayes' theorem (Augustin et al. 2009; Silverman 1985; Wahba 
1983; Wood 20064, c). Time series were simulated for each plot of the densified grid 
of 2008 (mainly 8 x 8 km). Stand age was assumed to be 70 years for spruce and pine 
and 90 years for beech and oak, which roughly corresponded to the weighted median 
age of the species of the basic grid in 2008. Based on the simulated time series, 
40 model-based cluster analyses (R package mclust, version 5.3; Fraley et al. 2017) 
were conducted for each species. The number of clusters ranged between seven and 
nine. The assigned 40 clusters per plot and species were summarized in a string and 
the pairwise string comparison resulted in a string-distance matrix (restricted 
Damerau-Levenshtein distance; R package stringdist, version 0.9.6.4; van der Loo 
et al. 2017). Subsequently, a hierarchical cluster analysis was performed using the 
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string-distance matrix. Plots having 80% agreement in the initial 40 cluster analyses 
were assigned to one cluster using the hierarchical cluster analysis. For the resulting 
clusters, time trends (median) and Bayesian credible intervals (2.5 and 97.5 percent 
quantiles) were estimated based on the 40 simulations. Clusters with similar levels of 
defoliation, identical characteristic peaks and similar time trends were further com- 
bined to one cluster. Plots that had not been assigned to a cluster in the first step were 
then also assigned to clusters in this way. Assignment of these plots was clear, with 
the exception of four pine and oak plots, which were assigned to the spatially adjacent 
cluster. Our approach thus led to nine clusters (defoliation development types) for 
spruce, beech and oak and ten clusters for pine (Fig. 11.3). Finally, these original 
defoliation development types could be summarised to five broad defoliation devel- 
opment types for each tree species (Fig. 11.3). The summary was based on relatively 
similar levels of defoliation, identical characteristic peaks and relatively similar time 
trends. In Fig. 11.3 it can be seen, which of the original clusters were summarized to a 
broad cluster. The median time trends and Bayesian credible intervals (2.5 and 97.5 
percent quantiles) were again estimated based on the 40 simulations, assuming a 
stand age of 70 years for spruce and pine and 90 years for beech and oak. 
Large-scale rather than small-scale spatial defoliation development types were 
detected for the four main tree species (Fig. 11.3). Clear north-south and east-west 
differences were found in the defoliation development (Figs. 11.4, 11.5, 11.6, 11.7). 
For all tree species beginning in 2004, the highest defoliation and strongest increase, 
respectively, were observed in the defoliation development types that included the 
south-western part of Germany (e.g. Black Forest). A similar but slightly weaker 
trend was found in the adjacent north-western regions of Germany (e.g. Rhineland- 
Palatinate, Saarland, Forest of Odes, Spessart). An opposite trend was shown for the 
defoliation development types that included the north-eastern part of Germany: at 
the beginning of the 1990s, high defoliation was reported from the eastern part of the 
North German Lowlands, but defoliation sharply decreased until the mid-1990s and 
since then has remained relatively constant and on a low level. A trend unlike the 
trend in south-western Germany was also observed for the defoliation development 
types including south-eastern Germany. In south-eastern Germany, defoliation was 
generally high at the beginning of the 1990s but decreased over time. In north- 
western Germany, defoliation of all tree species, with the exception of oak, was 
comparably low and showed only few temporal dynamics. Defoliation development 
types of pine and oak showed similar spatial distribution. Distribution of defoliation 
development types of spruce and beech was also similar but slightly different from 
the types found for pine and oak. Differences mainly occurred in the North German 
Lowlands (where only one cluster including the north and east of the Lowlands was 
observed) and southern Germany (where a smaller cluster in south-western Germany 
but a larger cluster in south-eastern Germany ranging to Saxony was observed). 
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Fig. 11.3 Regional distribution of age-independent defoliation development types (cluster) of 
spruce (top, left), pine (top right), beech (bottom, left) and oak (bottom, right). The colours indicate 
the five broad defoliation development types (cll to c15). The combinations of colour and symbol 
indicate the nine and ten (number in brackets) original defoliation development types, respectively 


11.3.2 Variables Associated with Defoliation 


In a second step, variables associated with defoliation were investigated on a species 
by species basis. Unlike Sect. 11.4, where discriminant analysis was used to 
investigate which site-specific and environmental variables were decisive for assign- 
ment to a specific nutrition type, variables for defoliation were initially examined 
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Fig. 11.4 Mean time trends of defoliation and credible intervals of the five broad defoliation 
development types of spruce. The time trends were estimated based on 40 simulations and assuming 
a stand age of 70 years. The sample size is given in parenthesis 
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Fig. 11.5 Mean time trends of defoliation and credible intervals of the five broad defoliation 
development types of pine. The time trends were estimated based on 40 simulations and assuming a 
stand age of 70 years. The sample size is given in parenthesis 
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Fig. 11.6 Mean time trends of defoliation and credible intervals of the five broad defoliation 


development types of beech. The time trends were estimated based on 40 simulations and assuming 
a stand age of 90 years. The sample size is given in parenthesis 
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Fig. 11.7 Mean time trends of defoliation and credible intervals of the five broad defoliation 
development types of oak. The time trends were estimated based on 40 simulations and assuming a 
stand age of 90 years. The sample size is given in parenthesis 
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independently from the defoliation development types since annually varying time 
series of defoliation formed the basis of these types. As the data are observational, 
we could not make any inference on causality. Here we have explored which of the 
available explanatory variables had a statistical effect (rather than a causal effect) on 
defoliation via model selection. This exploratory analysis resulted in a list of vari- 
ables that were strongly associated with defoliation and hence might be important in 
explaining the process leading to defoliation. Associated variables were determined 
for (1) 1991—2010 (referred to as time series) and (2) the period of the NFSI II 
(referred to as NFSI period). The two approaches were chosen due to differences in 
the spatial and temporal resolution and due to differences in the number of available 
variables. In the first case (time series), the annual defoliation values of the plots of 
the 16 x 16 km basic grid were considered. In the second case (NFSI period), the 
denser grid of the NFSI II was used, and a mean defoliation value for 2006 to 2008 
was calculated for each plot and species. Species-specific defoliation of the plots 
remained relatively constant between 2006 and 2008, with the exception of beech, 
where higher defoliation was observed at several plots in 2006, probably due to 
pronounced fructification. For the time series, fewer variables and plots per year 
were available, but information was provided annually. Potential influencing vari- 
ables which were available included stand age, fructification (only from 1999), insect 
infestation, deposition and weather conditions including deviations from the long- 
term mean (1961-1990). Lag effects were also considered by using the previous 
year's values. The soil water balance values regarded for tree growth (see Sect. 11.2) 
were ultimately not used for defoliation because values were not available for all plots 
due to shifts in grids and because weather conditions proved equally suitable. For the 
NFSI period, a large number of variables were available, primarily originating from 
the NFSI II. In addition to the variables considered for the time series listed above, 
which were averaged for the time period, additional variables included parameters of 
soil condition (e.g. C/N ratio, base saturation, stocks of total and exchangeable 
nutrients, heavy metal stocks), forest nutrition and accompanying information 
(e.g. liming). GAMMs were used for analyses of association with defoliation. 
Thus, it was possible to include categorical factors as well as continuous variables 
and to detect linear as well as non-linear effects. Weights and temporal autocorrela- 
tions could also be considered. Examples and a detailed description of the model 
selection process can be found in Eickenscheidt et al. (2016). In brief, co-linearity 
among variables was considered, and forward selection and the Bayesian information 
criterion (BIC; Schwarz 1978) were used for model selection. Model residuals were 
checked. Stand age represented the most important variable associated with defoli- 
ation by far; thus, stand age was included in every model from the beginning. 

Defoliation increased species-specific with stand age. For spruce and in particular 
for beech, defoliation increased nearly linearly, whereas for oak and in particular for 
pine, defoliation clearly increased until a stand age of approximately 60 years and 
40 years, respectively, and only little association of defoliation with age occurred for 
older trees (Eickenscheidt et al. 2016, 2019). 
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Table 11.2 Results of the final models for the four main tree species of Germany (1) for the time 
series (1991—2010) and (2) for the NFSI period (mean 2006-2008) 


Spruce Pine Beech Oak 
Time series: 
Stand age [year] kkk Krk kk kkk 
Fructification [classes] doe 
Insect infestation [yes/no] doe dote 
NH, deposition [kg N ha! year !] oe 
temp [°C] debe 
prec, py [mm year '] eek 
te(temp. dev, prec. dev) [°C] [mm year“ '] ek doe 
te(temp py. dev, prec py. dev) [°C] [mm year !] ek ee 
te(temp, temp. dev) [°C] [°C] doe doe 
R 0.49 0.22 |0.370.44° — |0.33 
n 3910 3729  |3121/1932* 1748 
Stand age [year] dot dee dote do 
Fructification [yes/no] de 
Insect infestation [yes/no] dote 
N deposition [kg N ha! year !] doe 
temp [°C] ek 
temp_dev [°C] * 
prec [mm year" '] do 
te(temp, prec) [°C] [mm year !] dee 
et [mm year] doo xo do 
et. dev [mm year '] ** * dote 
C stock of organic layer [t C ha^ !] o 
C/N ratio in 0-5 cm soil depth [-] Br ek 
C/P ratio in 0—5 cm soil depth [-] do 
N concentration of needles/leaves [g kg '] ak 
R 0.54 037 | 0.46 0.44 
n 756 666 463 282 


The significance of variables associated with defoliation, the coefficient of determination (R2) of the 
final model and the sample size (n) are indicated 

temp temperature, prec precipitation, ef evapotranspiration, _dev deviation from the long-term mean 
1961-1990, py previous year's value, fe() tensor product() 

*p < 0.05; **p < 0.01; ***p < 0.001; “Model only for 1999-2010 


11.3.2.1 Time Series 


For the time series, weather conditions had a direct association with annual defoli- 
ation of all four tree species (Table 11.2). Deviations of annual mean temperature 
and precipitation sums from the long-term mean played a major role. Seidling (2007) 
also reported relationships between defoliation and deviations from long-term means 
of temperature and precipitation for all four tree species of the German 16 x 16 km 
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Fig. 11.8 Relationships of temperature and deviations of temperature and their interaction to 
defoliation of spruce. Black contour lines indicate defoliation in percent. Red and green lines 
indicate the corresponding standard error of defoliation. Black points reflect the sample distribution 


grid. Lagged effects, especially drought in the previous year, and cumulated drought 
in several preceding years were shown to be closely linked to defoliation in the 
following year (Ferretti et al. 2014; Klap et al. 2000; Seidling 2007; Zierl 2004); this 
result was corroborated by our findings. 

In the following the results are described for the four tree species, and some 
figures are presented as examples. 

For Norway spruce, mean temperature of the recent year and the deviation of this 
temperature and the interaction were associated with defoliation of spruce. Higher 
defoliation in general was found for plots with lower mean temperatures than for 
plots with higher mean temperatures (Fig. 11.8). Defoliation was highest when 
positive temperature deviations also occurred on these plots with lower mean 
temperatures. Lowest defoliation occurred at negative temperature deviations at 
annual mean temperatures between 6 and 8 °C. Furthermore, previous year's 
deviations of temperature and precipitation and their interaction had an association 
with defoliation of the recent year. Years that were cooler and drier compared to the 
long-term mean resulted in lower defoliation, but warmer and drier years resulted in 
increased defoliation (compare to beech and Fig. 11.9). Warmer and wetter years 
were associated with almost no changes in defoliation of spruce. Seidling (2007) also 
reported higher defoliation of spruce after high temperature (and low rainfall) in the 
previous and also in the current year, in particular following 2003. For the conifers, 
higher defoliation especially in the summer 1 year after drought might be attributed 
to higher needle fall in autumn of the drought year (Solberg 2004). In general, needle 
loss is still visible years after the event because conifers keep several needle sets. 

For Scots pine, recent year's deviations of temperature and precipitation and their 
interaction showed an association with defoliation. Defoliation of pine was highest 
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Fig. 11.9 Relationship of previous year's deviations of temperature and precipitation and their 
interaction with defoliation of beech of the recent year. Black contour lines indicate defoliation in 
percent. Red and green lines indicate the corresponding standard error of defoliation. Black points 
reflect the sample distribution 


when the temperature deviation was approximately 2 °C (which corresponded to the 
highest temperature deviations observed), and precipitation did not deviate. In cooler 
and wetter years, decreased defoliation of pine was observed. Defoliation further 
decreased nearly linearly with increasing annual mean temperature. Pine trees in 
Germany are commonly known to be relatively drought-tolerant (Ellenberg 1996), 
for example, due to a deep taproot system and early and rapid stomata closure 
(Seidling 2007 and references therein) However, notable temperature surplus 
accompanied by precipitation deficits, as observed in 2003, was associated with 
visible drought stress even in pine trees, which was also reported by Seidling (2007). 
Besides direct effects of weather, indirect effects were also associated with defoli- 
ation. In pine, insect infestation was associated with increased defoliation, another 
result also documented by Seidling (2001) and Seidling and Mues (2005). Severe 
infestation is most likely a result of exceptional climatic situations, which favour the 
development of insects and simultaneously make trees susceptible to infestation. 
Furthermore, in our study, a negative linear relationship of defoliation and NH, 
deposition was observed. 

For European beech, previous year's deviations of temperature and precipitation 
and their interaction had an association with defoliation of the recent year (Fig. 11.9) 
similar as found for spruce. However, warmer and wetter years were associated with 
decreased defoliation of beech which was different from spruce. Furthermore, recent 
year's deviations of temperature and precipitation and their interaction also showed 
an association with defoliation of beech but which was different from the association 
observed for pine. Similar to the effect of deviations of temperature and precipitation 
of the previous year, defoliation of beech increased in the event of positive temper- 
ature deviations and drier conditions, whereas cooler and drier years were associated 
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with a decrease in defoliation. Cooler and wetter years also resulted in increased 
defoliation of beech. Additionally for beech, very low precipitation («500 mm 
year") and in particular very high precipitation (71500 mm year’ ') of the previous 
year came along with increased defoliation. The latter was rarely found and was 
linked to high elevation (e.g. Alps, Black Forest), which was most probably an effect 
of low temperature and short vegetation period or oxygen deficiency within the soil. 
Sensitivity of beech to drought is well known, although drought resistance varies 
among beech populations (Bolte et al. 2016). Beech usually develops from natural 
rejuvenation and thus is adapted to site conditions. Increased defoliation of beech at 
low previous year summer or annual precipitation was also reported by Seidling 
(2006) for Germany and by de Marco et al. (2014) for Europe. Furthermore, above- 
average previous summer temperature was shown to have a negative association 
with defoliation of beech in Germany (Seidling 2007; Seidling et al. 2012). The 
present study additionally revealed that an increase in fructification resulted in 
increased defoliation of beech (see also Eickenscheidt et al. 2016). Both low 
precipitation and high temperature of the previous year might be attributed to 
fructification in the current year, as well as directly to drought stress in the previous 
year. Weather conditions in the previous early summer determine the production of 
flower buds and leaf buds, respectively. Hence, fructification is directly linked to 
higher defoliation but also indirectly because of deterioration of the branch structure 
as well as development of small leaves. Eichhorn et al. (2005) and Seidling (2007) 
also reported enhanced defoliation in mast years. 

For pedunculate and sessile oak similar as for spruce, the mean temperature of the 
recent year and the deviation of this temperature and the interaction were associated 
with defoliation (Fig. 11.10). Lowest defoliation was primarily observed at similar 
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Fig. 11.10 Relationships of temperature and deviations of temperature and their interaction to 
defoliation of oak. Black contour lines indicate defoliation in percent. Red and green lines indicate 
the corresponding standard error of defoliation. Black points reflect the sample distribution 
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conditions as for spruce. However, mean temperatures were in general higher 
(6-12 °C) than for spruce (3.5-12 °C). Higher defoliation of oak was found at 
higher mean temperatures. On plots with higher mean temperatures, positive tem- 
perature deviations resulted in increased defoliation, although on plots with average 
or moderately high mean temperatures, negative deviations of temperature (—1 °C) 
were associated with the highest defoliations observed for oak. Oak tolerates a wide 
range of climatic conditions and soil water availability. It can be found on soils with 
stagnant soil water, but it is also known to be drought-tolerant due to its taproot 
system and fast stomatic response. However, similar to our findings, several studies 
have demonstrated a negative impact of high summer temperatures on defoliation of 
oak in Europe (de Marco et al. 2014; de Vries et al. 2014). At the same time, the 
Observed strong reaction of oak to negative temperature deviations might indicate 
sensitivity to damage by late frost. Our study further indicated a strong association 
between defoliation and insect infestation of oak, which was corroborated for 
Germany by Eichhorn et al. (2005) and on the European scale by Seidling and 
Mues (2005). 


11.3.2. NFSI Period 


Analyses regarding the NFSI period further revealed soil and nutrient parameters as 
relevant variables aside from stand age and direct and indirect weather conditions 
(Table 11.2). 

For spruce, a linear decrease in defoliation with increasing stocks of organic C in 
the organic layer was observed (not shown). The organic C in the organic layer 
reflects the total mass of the organic layer and thus the humus type. A large mass of 
organic matter might be less susceptible to drying up and protects trees against 
drought stress, which was also hypothesized by Seidling (2007). Furthermore, 
defoliation of spruce showed a negative linear relationship to N deposition (not 
shown). N deposition and N nutrition were generally closely linked and thus, N 
deposition might indicate the N nutrition status. In addition, an increase in defolia- 
tion with increasing C/N ratios in the 0—5 cm soil depth beginning at a C/N ratio of 
30 occurred (Fig. 11.11). Ratios larger than 30 can usually be found in soils having 
low turnover of organic matter and low N and other nutrient supply. 

Defoliation of pine also exhibited a relationship to the C/N ratio. However, the 
relationship was in contrast to the relationship detected for spruce: the highest 
defoliation was found at small C/N ratios (Fig. 11.11). Soil pH and exchangeable 
calcium (Ca) were highly correlated with the C/N ratio. Hence, both variables could 
be used in the GAMM of pine instead of the C/N ratio but had less explanatory 
power than the ratio. Soils with high pH values, high Ca stocks and high turnover 
rates (low C/N ratios) were accompanied by high defoliation, which might indicate 
antagonisms between Ca and other nutrients, especially potassium (K) [Ca-K antag- 
onism; Evers and Hüttl (1992); Zech (1970)]. This antagonistic effect may be 
enhanced since calcareous soils are often shallow and prone to drought, which 
exacerbates the K uptake under drought stress (Evers and Hüttl 1992). Riek and 


330 N. Eickenscheidt et al. 


— 904 Spruce 50-1 Pine 
= 40 40 
c 
2 30 > 30 
& 
Ss 20 20 ee 
[^] 
A 10 10 
10 15 20 25 30 35 40 20 30 40 50 
CIN ratio in 0-5 cm [-] CIN ratio in 0-5 cm [-] 
— 504 Beech 50-1 Oak 
= 40 40 
S 
E 30 30 
5 20 20-| — — "— a 
o 
AO 10 10 
16 18 20 22 24 26 28 30 0 100 200 300 400 500 
N in leaves [g N kg '] C/P ratio in 0-5 cm soil depth [-] 


Fig. 11.11 Relationship of C/N ratio in the 0-5 cm soil depth to defoliation of spruce (top, left) and 
pine (top, right), of N concentration of leaves to defoliation of beech (bottom, left) and of C/P ratio 
in 0—5 cm soil depth to defoliation of oak (bottom, right). The lines at the x-axis reflect the observed 
values. The grey-shaded area indicates the 95% credible interval 


Wolff (1999) also reported a negative correlation between defoliation of pine trees of 
the Level I sites and soil Ca stocks and needle concentrations of Ca, respectively, 
during the NFSI I. However, these soil conditions also might be an indicator of low 
mass of organic layer and thus little protection of the soil against drying up. 

A negative linear relationship between defoliation and the N concentration of the 
leaves existed for beech (Fig. 11.11). Findings by Seidling (2004) for the German 
Intensive Forest Monitoring plots corroborate a negative correlation between foliar 
N supply and defoliation. Low N nutrition below the normal nutrition range 
according to Göttlein (2015; 19.0-25.0 g N kg ') probably resulted in N deficiency, 
which might limit tree growth. Interestingly, negative effects of N surplus on 
defoliation were not indicated. 

For oak, a negative linear relationship between defoliation and the ratio of C to 
phosphorus (P) was observed (Fig. 11.11). The pH value and the organic C stock in 
the organic layer could also be used in the GAMM of oak instead of the C/P ratio 
since the variables were highly correlated. High pH values, low C stocks and low 
C/P ratios were accompanied by high defoliation, which again suggested that the 
relationship presumably was an indicator of the mass of the organic layer and 
thereby protection against drying up. 
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11.3.3 Integrated Analysis of Defoliation Development Types 
and Associated Variables 


In the final step, the variables identified in the previous section to be associated with 
defoliation were further investigated and regarded at the level of the defoliation 
development types. Results of the previous section highlighted weather conditions 
and in particular their deviation from the long-term mean as important variables 
associated with defoliation. Thus, model-based cluster analyses were conducted 
separately for the time series of relative deviation from the long-term mean of annual 
mean temperature and annual precipitation sum for Germany. This was done to see 
whether the resulting clusters coincide with the defoliation development types from 
Sect. 11.3.1. The results of the model-based cluster analyses were combined by 
concatenating the cluster indices of the separate analyses to one a string. Subse- 
quently, a hierarchical cluster analysis was performed using the string-distance 
matrix (see Sect. 11.3.1). The result revealed 11 different weather deviation clusters 
(Fig. 11.12). Although these weather deviation clusters were more differentiated, 
they showed similarities to the landscape regions of Germany (Fig. 11.12), which are 
derived from geomorphological, geological, hydrological, biogeographical and ped- 
ological characteristics. 

The landscapes and their weather conditions are presented in brief. The North 
German Lowlands are subdivided into the north-western and the north-eastern 
Lowlands based on differences in climatic conditions especially regarding precipi- 
tation. The Central Upland Range is bordering in the south. The range is also divided 
into a western part (e.g. Rhenish Slate Mountains, Harz) and an eastern part 
(e.g. Thuringian Forest, Ore Mountains, Bavarian Forest). To the south(-western) 
of these low mountain ranges are the Southwest German Scarplands (e.g. Spessart, 
Franconian and Swabian Albs, Black Forest). In the south the Alpine Foreland and 
finally the Bavarian Alps follow. The North German Lowlands had on average the 
highest mean temperature of the landscape regions. The lowest mean temperatures 
could be found at high altitudes in southern Germany (e.g. Black Forest, Bavarian 
Forest) and especially in the Alps (data not shown). These regions were also 
characterized by high precipitation. The north-eastern Lowlands had the lowest 
mean precipitation, whereas the north-western Lowlands showed a maritime 
influence. All weather deviation clusters were characterized by a relative mean 
increase in temperature between 1990 and 2010 compared to the long-term mean 
(Table 11.3). The mean increase was lowest in the Lowlands (in particular in the 
eastern part) and highest in the south of Germany, especially in the Alps. Simulta- 
neously, no relative changes in mean precipitation compared to the long-term mean 
were observed in south-western Germany, whereas precipitation slightly increased 
in south-eastern Germany and the most in the Lowlands (in particular in the eastern 
part) (Table 11.4). 

The spatial patterns of the defoliation development types of oak (Fig. 11.3) 
matched well with the landscape regions (Fig. 11.12) and with the weather deviation 
clusters (Fig. 11.12). Thus, the results of oak are discussed in detail as an example. 
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Fig. 11.12 Regional distribution of the 11 weather deviation clusters (left) and of age-independent 
defoliation development types of oak (Fig. 11.3) plotted together with the regional distribution of 
the landscape regions of Germany (right). The weather deviation clusters are based on the relative 
deviation of annual mean temperature and precipitation sum from the long-term mean (1961-1990). 
Defoliation development types: The point colours indicate the five broad defoliation development 
types (cll-c15) and the combinations of point colour and symbol indicate the nine original 
defoliation development types (number in brackets), respectively. Landscapes (background colour): 
north-western Lowlands (yellow), north-eastern Lowlands (pink), western Central Upland Range 
(green), eastern Central Upland Range (blue), Southwest German Scarplands (orange), Alpine 
Foreland (light grey), Alps (brown). (Data source of landscapes: Bundesamt für Naturschutz 
(BfN), supplied in July 2018) 


Oaks grow from the northern Lowlands to the low mountain ranges but rarely in 
pronounced mountainous or cooler regions. In Sect. 11.3.2 it was shown that a 
further temperature increase (which was observed on average for all of Germany) 
resulted in an increase in defoliation in regions having high mean temperatures 
(Fig. 11.10). Defoliation in the warm Lowlands was on a relatively constant and high 
level since the mid-1990s (defoliation development type 1 and 5; Fig. 11.7). At the 
beginning of the time series (especially in 1991), defoliation of type 5 was notably 
higher than that of type 1. In 1991, the north-eastern Lowlands were notably drier on 
a relative basis than the north-western Lowlands. However, methodological differ- 
ences in defoliation assessment after the introduction of the Forest Condition Survey 
in former eastern Germany, especially in the federal state Mecklenburg-Western 
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Table 11.3 Relative deviation [76] of mean annual temperature from the long-term mean 
(1961—1990) for the 11 weather deviation clusters 


1 2 3 10 11 
1990 17 17 16 15 17 
1991 3 2 1 1 3 
1992 14 15 13 16 14 
1993 1 2 4 5 2 
1994 15 21 20 23 15 
1995 8 8 10 9 6 
1996 14 17 13 13 16 
1997 8 8 10 8 6 
1998 9 11 10 13 9 
1999 18 18 18 15 17 
2000 19 23 20 23 20 
2001 9 12 12 11 6 
2002 15 17 17 18 12 
2003 13 17 17 16 11 
2004 9 9 8 9 8 
2005 12 11 13 9 9 
2006 18 19 18 16 17 
2007 20 23 20 24 21 
2008 15 18 14 19 18 
2009 12 13 13 15 10 
2010 6 7 4 =2 —6 


Pomerania, cannot be ruled out as a reason for particularly high defoliation at the 
beginning of the 1990s (Riek and Wolff 1999). Since the mid-1990s defoliation was 
slightly lower in the eastern part of the Lowlands (defoliation development type 5), 
which might be attributed to a lesser relative increase in mean temperature and at the 
same time higher relative increase in precipitation compared to the western part (type 
1). In addition, the western part was notably more frequently affected by insect 
infestation (data not shown). Defoliation development type 2 (western Central 
Upland Range) and type 3 [Southwest German Scarplands to Alpine Foreland 
(original defoliation development type 6)] showed similarities in particular regarding 
the strong increase in defoliation following 2003. In 2003, an exceptional drought 
and heat occurred in Germany that was most pronounced in south and south-western 
Germany. Defoliation development type 2 particularly was characterized by a 
relative increase in drought between 2003 and 2010, whereas type 3 was character- 
ized by a relative increase in temperature. For the latter, highest mean defoliation 
was found in the last years starting in 2004. Already in 1994, high defoliation at level 
comparable to that in 2003 was observed for type 3. In 1994 highest relative 
temperature increase occurred in south Germany. For defoliation development 
type 4, highest defoliation was found in this year. Since 1994 defoliation on average 
decreased and was the lowest defoliation observed nowadays. This type could not be 
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Table 11.4 Relative deviation [%] of annual precipitation sums from the long-term mean 
(1961—1990) for the 11 weather deviation clusters 


1 2 3 4 5 6 7 8 9 10 11 
1990 5 —4 -1 0 =2 =3 -1 3 —5 —8 3 
1991 14 24 24 21 21 15 25 8 25 20 21 
1992 2 3 5 6 1 a2, 1 1 —3 —4 -1 
1993 21 13 10 20 8 3 14 17 
1994 21 20 12 26 3 7 2 3 10 25 
1995 1 17 6 = 19 21 20 14 27 20 9 
1996 20 17 17 20 7 6 13 11 15 
1997 8 15 7 9 8 11 12 11 8 8 
1998 31 23 17 24 8 9 6 4 17 13 16 
1999 3 5 1 =2 6 16 15 17 6 -2 —7 
2000 5 0 22 9 1 12 —3 -1 —4 
2001 19 16 11 20 20 19 21 19 37 20 16 
2002 32 33 24 39 19 26 28 31 32 39 31 
2003 17 22 22 23 27 22 29 25 28 30 25 
2004 10 8 1 7 —6 0 —3 —5 —2 3 4 
2005 =5 5 |-16 5 —5 5 —6 10 
2006 3 3 7 10 3 2 0 —6 3 -5 |-14 
2007 33 40 22 48 8 15 14 10 17 19 45 
2008 3 —2 |-10 11 5 4 2 8 11 
2009 0 10 1 9 0 2 0 5 8 9 
2010 7 17 =2 31 9 6 9 8 15 24 34 


assigned to one landscape but was located in a region of comparably low tempera- 
tures and high precipitation. The development of defoliation may indicate that the 
temperature increase might in general be a benefit for this oak cluster. 

Defoliation development types of pine showed spatial distributions and time 
series of defoliation that were similar to those of oak (Fig. 11.3). Other than for 
oak, the spatial pattern of defoliation development types of pine matched even better 
with the weather deviation clusters than with the landscape regions. The division of 
defoliation development type 4 in two spatially independent areas (Fig. 11.3) also 
occurred for the weather deviation cluster 10. In addition, the three weather deviation 
clusters 2, 3 and 4 matched well with the original defoliation development types 5, 2 
and 3, which were summarized to the broad defoliation development type 2. 

Spatial distributions of defoliation development types of spruce and beech were 
similar but deviated from the spatial distributions observed for pine and oak 
(Fig. 11.3). Defoliation of both species showed a similar trend for the five defoliation 
development types, although defoliation of beech in general showed more pro- 
nounced fluctuations than defoliation of spruce. Moreover, weather conditions 
were similarly associated with defoliation of both species (see Sect. 11.3.2). 

As an example the results for beech will be discussed in the following. Similar- 
ities between the spatial patterns of defoliation development types and landscapes 
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were not as immediately apparent as for oak but also existed. First of all, slight 
differences between the western and eastern Lowlands were indicated (original 
defoliation types 1 and 9). However, beech predominantly grows in moist and cooler 
regions of the low mountain ranges and the Alpine Foreland and is rarely found in 
the Lowlands (Fig. 11.3). The eastern Central Upland Range was covered well by 
the original defoliation development type 8. The western Central Upland Range was 
also covered well but by two different broad defoliation development types (types 
2 and 3). The spatial distribution of type 3, which reflects the federal states 
Rhineland-Palatinate and Saarland, also roughly existed for the weather deviation 
clusters (cluster 5; Fig. 11.12). Regarding south Germany, again a prominent change 
of defoliation development types occurred along the border of two federal states 
(Baden-Wuerttemberg and Bavaria). Again, this spatial distribution was also partly 
present in the weather deviation clusters (clusters 6 and 8). 

Differences among the five broad defoliation development types of beech regard- 
ing time series of precipitation and temperature deviations from 1990 to 2010 are 
exemplarily presented (Fig. 11.13). Time series of all clusters had notable positive 
temperature deviations from 1997 to 2009, whereas no systematic deviations 
occurred for precipitation. The year 1996 was exceptionally cold and dry, and the 
year 2003 was exceptionally warm and dry throughout Germany. Both events 
resulted in increased defoliation. However, the intensities differed within clusters. 
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Fig. 11.13 Deviations of precipitation and temperature from the long-term mean 1961—1990 for 
the five defoliation development types of beech. The median and the intervals representing the 
25 and 75 percent quantiles are shown. Fructification of beech in 5096 of plots or more for one 
cluster is indicated by a star beginning in 1999. The dashed line represents the line of no deviation. 
The sample size is given in parenthesis 
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At the beginning of the 1990s, highest defoliation of beech was observed for 
defoliation development type 1. For type 1, the year 1990 was very warm compared 
to the long-term mean and compared to the other clusters. The conditions at the end 
of the 1980s and beginning of the 1990s might be the reason for the observed high 
defoliation, but methodological differences presumably played a role as well. Devi- 
ations of temperature and precipitation for defoliation development types 1 and 
2 followed a similar pattern, but positive temperature deviations were slightly 
lower and positive precipitation deviations were slightly higher for type 2. Defolia- 
tion development type 2 showed relatively constant mean defoliation between 1990 
and 2015, whereas type 1 showed more fluctuation. Both types were characterized 
by the defoliation peak in 2000 that followed the notable positive temperature 
deviations at average precipitation in the consecutive years 1999 and 2000. These 
weather conditions were only observed in the regions of types 1 and 2. In 2000, 
pronounced fructification additionally occurred for beech of both types. The year 
2003 featured positive temperature deviations of on average 1 °C and a notable 
negative deviation of precipitation of more than 100 mm per year for these types. 
These extreme conditions were accompanied by fructification and a defoliation peak 
in 2004, which however was lower than the peak in 2000. In contrast, defoliation 
development types 3 to 5 were characterized by pronounced fructification and high 
defoliation in 2004, most likely because the deviations of temperature increase and 
precipitation decrease in 2003 were notably extremer in south and south-western 
Germany. The highest negative deviation of precipitation accompanied by a high 
positive deviation of temperature occurred for type 4. In 2004, the greatest increase 
in defoliation was also observed for this type. Similar to type 3, extreme weather 
conditions were observed again in the subsequent years. However, beech of type 
4 had additionally recurring pronounced fructification, and defoliation remained on 
the highest level observed for all defoliation development types. In summary, 
exceptional high temperatures were primarily associated with high defoliation of 
beech in the recent year, whereas the combination of high temperature and drought 
was mainly associated with high defoliation in the next year. However, the direct 
impact of weather was most likely overimposed by the impact of fructification 
(indirect weather effect). 

Significant differences (p « 0.0001, ANOVA) among defoliation development 
types were further observed regarding the key soil parameters identified to be 
associated with defoliation (see Sect. 11.3.2). The defoliation development types 
representing south-western Germany had the lowest C stock and thus mass of the 
organic layer (spruce, type 4), the lowest C/N ratio (pine, type 3), the lowest N 
concentration of leaves of beech during the NFSI II (beech, type 4) and also the 
lowest C/P ratio (oak, type 3) (Fig. 11.14). 

In conclusion, weather conditions and in particular deviations of temperature and 
precipitation from the long-term mean explained a large proportion of the differences 
among defoliation development types of the four tree species. An adaption of forest 
stands to the long-term average of the local water balance is generally assumed (Zierl 
2004 and literature therein); hence, it is obvious that deviations might affect tree 
vitality. However, in part, defoliation of trees reacted differently to weather 
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Fig. 11.14 Boxplots of C stock in the organic layer for spruce (top, left), C/N ratio in the 0-5 cm 
soil depth for pine (top, right), N concentration of leaves of beech (bottom, left) and C/P ratio in the 
0—5 cm soil depth for oak (bottom, right) for the five defoliation development types of each species 


conditions, possibly as consequence of tree species, provenance and differences in 
other stand conditions. Extraordinarily high temperature deviations of approxi- 
mately 1.5 °C and more and in particular when accompanied by extraordinarily 
high negative precipitation deviations were associated with increased defoliation of 
all species most likely due to drought stress. These conditions have cumulatively 
occurred since 2003 especially in south-western Germany. Anders et al. (2004) also 
corroborated this result, although all of Germany was affected by drought stress in 
2003: the highest water deficit calculated as the difference between the climatic 
water budget of 2003 and the long-term water budget of the reference period 
1961-1990 occurred in south-western Germany. Hilly and mountainous areas as, 
e.g. found in large areas of south-western Germany, are further often characterized 
by shallow and stony soils, which have low water storage capacity and hamper deep 
rooting. Additionally, in south-western Germany, low mass of the organic layer was 
frequently found, which might increase drying up of the soil. In contrast, generally 
deeper soils and thicker organic layers could be found in the North German 
Lowlands. Drought stress was detected as the most important risk factor associated 
with high defoliation. In addition to variables indicating drought stress, fructification 
of beech, insect infestation (pine, oak) as well as deficiencies in N nutrition proved to 
be other stress factors associated with high defoliation. South-western Germany 
emerged as the area with greatest risk of defoliation, most likely due to drought stress 
in recent years. However, areas being prone to drought stress due to pedological 
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conditions generally represent areas with risk of high defoliation in particular with 
regard to climate change. 


11.4 Defining Forest Nutrition Types 


The nutritional status of trees can be interpreted as an integrative overall expression 
of the site-specific water and nutrient supply and the influence of climate and 
deposition. Below, we assume that at a given site with given environmental condi- 
tions, there are identifiable nutritional categories specific to tree species. According 
to Góttlein (2015), classes can be assigned on the basis of levels of element 
concentrations in needles and leaves, and, in particular, trees can be assessed for 
deficiency or surplus of specific elements (see Chap. 9). Typification of the nutri- 
tional situation goes beyond classification of the levels of individual elements and 
collates specific combinations of element supplies. With this approach, we provide 
definitions for nutrition types for the tree species Norway spruce (Picea abies (L.) 
H. Karst.), Scots pine (Pinus sylvestris L.), European beech (Fagus sylvatica L.) and 
pedunculate (Quercus robur L.) and sessile oak (Quercus petraea (Matt.) Liebl.) by 
analysing the level of five key elemental nutrients (Ca, Mg, K, P and N) according to 
Góttlein (2015). For operational reasons, the categories "latent deficiency" and 
"deficiency", as well as “normal” and "surplus", are pooled. The distinction between 
normal and surplus nutrition was maintained only for the element nitrogen due to the 
special considerations for nitrogen (see Chap. 9). In contrast to element-specific 
classification of the nutrition data, this approach is thus based on simultaneous 
analysis of multiple key nutrients. Defined nutrition types and their frequencies in 
the NFSI II sampling data are presented in Table 11.5. Combinations of classifica- 
tions with a sample size of n < 10 were not considered and are not listed in the table. 
Thus, there are 9 different nutrition types for spruce, 10 for Scots pine, 13 for beech 
and 6 for oak. Assignment to a nutrition type varied by tree species: 91% (spruce), 
86% (pine, beech) and 76% (oak) of all plots that were studied could be assigned to 
one of the nutrition types defined in Table 11.5. These are arranged in the table by 
species and according to decreasing frequency. The codes presented in Table 11.5 
are also used in the descriptions of the identified types in the text that follows. 

The most frequent nutrition type for spruce was characterized by an adequate 
supply of all the key nutrients (Ca0/KO/Mg0/PO/NO). The second most common 
type featured a surplus of N but otherwise a balanced nutrient supply (Ca0/K0/M g0/ 
PO/N+). According to frequency of occurrence, there followed sites with deficiencies 
of K (Ca0/K—/Mg0/P0/NO) and P (Ca0/K0/Mg0/P—/NO). Combined with a defi- 
ciency of K and surplus of N (Ca0/K-/Mg0/PO/N+), deficiencies of both P and N 
(Ca0/K0/Mg0/P—/N -—), P and K (Ca0/K —/Mg0/P—/NO) and P, K and N (Ca0/K—/ 
Mg0/P—/N—) were less common. 

For the other tree species, the most common nutrition type was the type featuring 
N surplus (pine, oak) and the type featuring P deficiencies (beech). The nutrition type 
with an adequate supply of all key nutrients ranked in second place for pine, oak and 
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Table 11.5 Nutrition types based on the combined classification of the levels of Ca, K, Mg, P and 


N according to Góttlein (2015) 


Ca K Mg N Code n 

Ca0/K0/Mg0/PO/NO 271 

ER Ca0/K0/Mg0/PO/N+ 178 

u Ca0/K-/Mg0/PO/NO 93 

a Ca0/KO/Mg0/P-/NO 67 

E C] Ca0/K-/Mg0/PO/N+ 28 

E Ca0/K0/Mg0/P-/N- 26 

a Ca0/K-/Mg0/P-/NO 25 

Ca0/K0/Mg0/PO/N- 21 

Ca0/K-/Mg0/P-/N- 17 

Ca0/K0/Mg0/P-/NO 104 

Ca0/K0/Mg0/PO/NO 71 

Ca0/K-/Mg0/P-/NO 53 

FEES Ca0/K0/Mg0/PO/N+ 51 

Ca0/K0/Mg-/P-/NO 50 

e Ca0/K-/Mg0/PO/NO 32 

E BE Ca0/K0/Mg0/P-IN- 30 

3 Ca-/K0/Mg-/P-/NO 27 

a EE Ca0/K-/Mg0/PO/N+ 24 

Ca0/K-/Mg-/P-/NO 14 

Ca0/K0/Mg-/PO/NO 13 

Ca-/KO/Mg-/PO/NO 12 

Ca0/K-/Mg0/P-/N+ 12 

— Ca0/K0/Mg0/PO/N+ 198 

és Ca0/K0/Mg0/PO/NO 126 

1 Em Ca0/K0/Mg-/PO/N+ 57 

= Ca0/K0/Mg-/PO/NO 32 

£ Ca0/K-/Mg0/PO/NO 25 

Ca0/K0/Mg0/P-/NO 23 

_ Ca0/K0/Mg0/P-/N+ 22 

E Ca0/KO/Mg-/P-/N+ 18 
£z 

2 Ca-/K0/Mg-/PO/NO 1 

& EE Ca0/K-/Mg0/P-/N+ 1 

mw Ca0/K0/Mg0/PO/N-- 96 

= Ca0/K0/Mg0/PO/NO 6 
ES 

in Ca0/KO0/Mg0/P-/NO 42 

z Ca0/K0/Mg0/P-/N+ 23 
Ss 

Ò Ca-/K0/Mg0/P0/N+ 1 

= Ca0/K0/Mg-/P0/N+ 10 


The colours in the element columns and the symbols after the elements symbolize adequate supply 
(grey, 0), (latent) deficiency (white, —) and nitrogen surplus (black, N+) 
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beech. For pine, Mg deficiency in combination with N surplus was frequently found 
(Ca0/K0/Mg-/PO/N+), whereas for beech, P deficiency combined with K deficiency 
(Ca0/K —/Mg0/P—/NO) and Mg deficiency (Ca0/K0/Mg—/P—/NO), respectively, 
occurred frequently. Furthermore, surplus of N without concurrent deficiency of 
other nutrients (Ca0/K0/Mg0/PO/N+) was commonly observed for all tree species. 
There do not appear to be any spatial patterns in the regional distribution of 
nutrition types. Using the spruce by way of example, the cartogram in Fig. 11.15 
shows that a deficiency in K with otherwise balanced nutrient supply (Ca0/K —/Mg0/ 
PO/NO) or even in combination with a surplus of N (Ca0/K —/Mg0/PO/N-) occurred 


Nutrition type 


- spruce - 


Ca0/K-/Mg0/P0/NO 
Ca0/K-/Mg0/PO/N * 
Ca0/K0/Mg0/P-/N- 
Ca0/K0/MgO0/PO/N- 
Ca0/K-/Mg0/P-/N- 
Ca0/K0/Mg0/PO/NO 
Ca0/K0/Mg0/PO/N- 
Ca0/K0/Mg0/P-/NO 
Ca0/K-/Mg0/P-/NO 


+ © 9» Ọ m e. 0 o 


x 


Fig. 11.15 Regional distribution of nutrition types using spruce as the example 
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notably in the regions of the Erzgebirge, the Thuringian Forest, the Harz and the 
Sauerland and Siegerland. The parent material is most likely not the reason for the K 
deficiency in these regions. However, the spruce stands in these regions were limed 
several times, so that K deficiency is probably due to cation antagonism with Ca. 
Types with N deficiencies occurred regionally: in the Limestone Alps region in 
combination with a P deficiency (Ca0/K0/Mg0/P—/N—), in Baden-Wuerttemberg 
(especially in the Black Forest) and in the northern regions of the Thuringian Forest 
with otherwise balanced nutrient supply (Ca0/KO/Mg0/PO/N—) and in the 
Rhineland-Palatinate area in combination with deficiencies of both K and P 
(Ca0/K —/Mg0/P —/N—). All other nutrition types were distributed evenly through- 
out Germany with no particular regional hotspots. 

We used discriminant analysis to investigate which site-specific and environmen- 
tal factors were decisive for assignment to a specific nutrition type. In advance, the 
potential influencing parameters from the NFSI database were subjected to a prin- 
cipal component analysis. This procedure ensured that the linear correlations 
between the variables were eliminated. The number of variables to be extracted, or 
principal components, was determined based on the Kaiser criterion. A varimax 
rotation was used to simplify the interpretation of the results. Principal component 
values were calculated by regression using the statistical programme SPSS Statistics 
Release 22.0.0.0. Individual parameters for which the frequency distribution was not 
suitable for principal component analysis were log-transformed a priori. 

Overall, 42 potential influencing factors were identified from the NFSI database 
and subjected to principal component analysis. These included parameters for soil 
chemistry, climate, modelled variables of soil water budget (see Chap. 3) and 
regionalized deposition data and critical load exceedances for nitrogen. Applying 
the Kaiser criterion, the principal component analysis extracted ten principal com- 
ponents that describe 79.2% of all the total variance for all parameters considered. 
The first five components alone accounted for more than half the variance. Assign- 
ment of individual variables to principal components was evident using the rotated 
component matrix. 

Based on the component matrix, input variables were selected for the discrimi- 
nant analysis. The following variables were chosen: 


* Precipitation [mm year !] 

* Evapotranspiration [mm year '] 

* Number of limings [-] 

* Ntot deposition 1990-2007 [kg ha~! year“ !] 
* K concentration (30-60 cm) [% of cation exchange capacity] 
* Cstock (organic layer to 90 cm) [kg ha^!] 

e C/P ratio (0-5 cm) [-] 

* pH(H5O) value in 30-60 cm [-] 

e C/N ratio (organic layer) [-] 

* Available water capacity (root zone) [mm] 

e Relative water storage (root zone) [96] 

* N stock (organic layer) [kg ha !] 
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With these variables, a total of 38 stepwise discriminant analyses were performed 
according to the number of nutrition types, and the percentage classification prob- 
abilities for each nutrition type were calculated using linear combination of the 
influencing parameters. For two nutrition types for beech (Ca0/K—/Mg—/P—/NO 
and Ca0/K0/Mg —/PO/NO) and one type for pine (Ca0/K0/Mg —/P—/N-), no signif- 
icant discriminant function could be derived based on the variables listed. The results 
of the discriminant function analysis presented in Table 11.6 first indicate the 
numbers of each correctly classified site. In addition, for each variable, the table 
lists the correlation coefficient with the calculated percent classification probability 
for all sites for each tree species. Correlation coefficients for variables that were also 
included in the model based on stepwise discriminant function analysis are shown in 
bold. 

Although the number of correctly classified sites was somewhat low at times, 
some variables showed strong and plausible correlations with the classification 
probabilities. For example, the probability of classifying nutrition types with sur- 
pluses of N is positively correlated with N deposition. However, in cases of both 
deficiency and normal levels of N, there was a predominantly negative correlation. 
Considering P deficiency, there was often a strong correlation with the C/P ratio at 
0-5 cm. This is the case especially for spruce (Ca0/K0/Mg0/P—/NO and Ca0/K —/ 
Mg0/P —/NO types) and pine (Ca0/K0/Mg0/P-/N+). 

One notable result was the relationship of deficiency in K (sometimes in combi- 
nation with a surplus of N and a deficiency of P) and the number of limings. This 
result was consistent with the findings of Chap. 9. For example, this relationship 
could be seen in scatter plots for the spruce nutrition types Ca0/K—/Mg0/P0/NO 
(Fig. 11.16) and Ca0/K—/Mg0/PO/N+ (Fig. 11.17). For the K deficiency type with 
no N surplus, there was a relatively strong correlation of classification probability 
with the plant available K in the soil. In addition, there was a high classification 
probability with narrow C/N ratios, which suggested possible competition between 
K and both NH; and Ca on alkaline-rich sites. There was also a positive correlation 
with N deposition. The classification probability increased considerably with the 
number of limings; this result might be explained by Ca-K antagonism. In examining 
the probability of classification to the N surplus nutrition-type Ca0/K—/Mg0/PO/N+, 
it is clear that there was no longer a relationship to available K in the soil; instead, in 
this case, the N deposition appeared to induce the K deficiency. For this nutrition 
type as well, an increased number of limings was associated with a higher classifi- 
cation probability. Moreover, the probability of a K deficiency is higher with lower 
quantities of soil water available to plants. 

Thus, overall the results indicated that the supply of K in the soil (as applicable, in 
combination with liming events) is extremely important for the Ca0/K—/Mg0/P0/NO 
nutrition type, while the N deposition is more likely responsible for the K deficiency 
in the Ca0/K—/Mg0/PO/N+ nutrition type. 

The following logistical relationship can be calculated for the relation between 
classification probability and N deposition illustrated in Fig. 11.16: 
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Fig. 11.16 Relationships between the classification probability to spruce nutrition-type Ca0/K —/ 
Mg0/PO/NO and exchangeable K at a depth of 30-60 cm, N deposition, C/N ratio in the organic 
layer and the number of liming events 


Probability = 1/(1 + 3184.64* 0.7212 Nt); R? =0.71 (11.2) 


This equation shows that a K deficiency was increasingly likely (probabil- 
ity > 50%) with N input when input rates are greater than 24.7 kg ha ! year! 
and at input rates above 33.7 kg ha! year !, there was an exceptionally high risk of 
K deficiency (probability > 95%). Under these conditions, the growth stimulated by 
the addition of N means that nutrients and water must be taken up at greater 
quantities and antagonism between NH; and other cationic nutrients becomes 
increasingly important. Beyond the thresholds, the demand for K can apparently 
no longer be met and a K deficiency arises, largely independent of the K supply at 
the site. 
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Fig. 11.17 Relationships between the classification probability to spruce nutrition-type Ca0/K —/ 
Mg0/PO/N+ and exchangeable K at a depth of 30-60 cm, N deposition, water capacity in the root 
zone available to plants and the number of liming events 


11.5 Combined Defoliation Development Types 
and Nutrition Types 


Defoliation development types and nutrition types were cross-tabled. There were few 
clear spatial patterns in the regional distribution of combined defoliation develop- 
ment types and nutrition types, which is most likely due to different factors that were 
decisive for assignment to a specific defoliation development type (see Sect. 11.3) 
and nutrition type (see Sect. 11.4), respectively. For spruce, however, various nutrient 
deficiencies (P, K, N) could be observed for defoliation development type 3 in 
particular (Table 11.7), which also was characterized by comparably high defoliation 
in the last decade. Defoliation development type 4 had the highest defoliation in 
recent years, and N deficiency was predominantly found for this type. Defoliation of 
beech showed a strong negative association to N nutrition (see Sect. 11.3.2). Defo- 
liation development types 2 and 5 of beech frequently belonged to the N surplus 
nutrition type and their defoliation time series showed no trends, which was in 
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Table 11.7 Example of a cross table of defoliation development and nutrition types for spruce 


Defoliation development type of spruce 


Nutrition type Row 
Ca0/K—/Mg0/ | Count 17 
P—/N— Expected count 

Std. residuals 
Ca0/K—/Mg0/ | Count 22 
P—/NO Expected count 

Std. residuals 
Ca0/K—/Mg0/ | Count 25 
PO/N+ Expected count 

Std. residuals 
Ca0/K—/Mg0/ | Count 78 
PO/NO Expected count 

Std. residuals 
Ca0/K0/Mg0/ Count 18 
P—/N- Expected count 

Std. residuals 
Ca0/K0/Mg0/ Count 61 
P—/NO Expected count 

Std. residuals 
Ca0/K0/Mg0/ Count 17 
PO/N— Expected count 

Std. residuals 
Ca0/K0/Mg0/ Count 145 
PO/N+ Expected count 

Std. residuals 
Ca0/K0/Mg0/ Count 213 
PO/NO Expected count 

Std. residuals 
Color 619 


Observed count, the expected count from the chi-square test and the standardized residuals are 


presented 


contrast to the other types. Defoliation development type 1 was the only type where 
adequate nutrient supply was primarily observed and defoliation was lowest in recent 
years. Hence, nutrient deficiencies may enhance the sensitivity of trees to drought 


stress. 
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11.6 Conclusion 


This chapter focused on spatial patterns in the biotic reactions of forest trees and their 
association with conditions and changes in forest soils and other environmental 
variables. Secondary tree growth, tree defoliation and tree nutrition, primarily of the 
four main tree species of Germany, were considered as biotic reactions indicating 
tree vitality. Associations of growth ring widths and defoliation with indices of 
drought stress were found. Growth ring widths, in particular of spruce and beech, 
decreased with low soil water availability and with pronounced dry periods. In 
addition, at higher temperature ranges, a decline or plateau of the annual growth 
ring widths was evident. High annual mean temperature deviations of approximately 
1.5 °C and more from the long-term mean (1961-1990) and particularly when 
accompanied by high negative precipitation deviations were also associated with 
increased defoliation of all tree species. Defoliation development types that showed 
clear large-scale spatial distribution patterns were identified. The defoliation devel- 
opment types were in good accordance with the landscape regions of Germany. 
Weather conditions and in particular relative deviations of temperature and precip- 
itation from the long-term mean explained a large proportion of differences among 
defoliation development types. The defoliation development types found in the 
south-western part of Germany (especially the area of Baden-Wuerttemberg but 
also adjacent areas in southern Hesse and areas of Rhineland-Palatinate and 
Saarland) have been characterized by the highest defoliation of all species in the 
last years of observation, most likely due foremost to the strongest and frequent 
positive deviations of temperature with negative deviations of precipitation begin- 
ning in 2003. Hence, south-western Germany is an area with high risk for high 
defoliation, at least in recent years. Large parts of this area also had a low mass of 
organic layer, which might protect the soil against drying up. Although there were 
few clear spatial patterns in the regional distribution of nutrition types as well as of 
combined defoliation development types and nutrition types, different nutrition 
deficiencies (K, P, N) were cumulatively observed in parts of south-western 
Germany. Nutrient deficiencies may enhance the sensitivity of trees to drought 
stress. The results of the investigation of nutrition types revealed that nutrition of 
trees generally was adequate or characterized by N surplus with the exception of 
beech, where P deficiency was most common. The situation of N nutrition was 
mainly associated with N deposition. In regions with high N deposition, deficiency 
of K was also related to N deposition, presumably because of antagonistic effects 
between K and NH}. However, in regions with low or normal N deposition, K 
deficiency was mainly a result of low K stocks in the soil. Independent of N 
deposition, liming was also associated with K deficiency, again presumably because 
of antagonistic effects (Ca-K antagonism), which also appeared to play a role in tree 
defoliation, especially in pine. 

In considering the results of the NFSI II presented in the previous chapters of 
this book, changes in weather conditions and in particular in available soil water 
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(see Chap. 3) certainly had the strongest impact on biotic tree reactions. Changes in 
C and total stocks in the organic layer (see Chap. 6) were also important in this 
context, since the organic layer most likely reduces drying up and thus drought 
stress. Hence, drought stress was the main risk factor detected. In central Europe, a 
further increase in the frequency of summer drought (high temperature combined 
with low precipitation) is expected as consequence of climate change (Lindner et al. 
2010). Environmental policy should primarily aim at mitigating climate change. 
Additionally, silviculture measures are crucial: for example, consideration should be 
given to increased diversity of tree species adapted to the site conditions. Positive 
and negative aspects of liming in terms of nutrition supply need to be evaluated on a 
plot-by-plot basis. Liming might cause further drying of soils, because it alters the 
decomposition and distribution of organic matter in the organic layer and soil; these 
effects should be considered and discussed. Attention should also be paid to the 
effect of chronic high N depositions and possible interactions with the effects of 
climate change. Measures should aim to reduce stress factors originating from air 
pollution and nutrient deficiencies in order to facilitate the regenerative capability of 
forest trees and adaption to climate change. 
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12.1 Introduction 


Environmental conditions determine forests’ species composition, structure, and 
growth. Only with profound knowledge of these factors we can sustainably preserve 
and utilize forest ecosystems and their services. In order to gain this knowledge, we 
need to assess and monitor these ecosystems systematically. This knowledge was 
gained through two National Forest Soil Inventories (NFSI I and II) reflecting 
climate and weather conditions, as well as the deposition regime of nutrients and 
pollutants to German forests. Additionally, plots of the German Intensive Forest 
Monitoring (Level II), part of the International Co-operative Programme on Forests 
(ICP Forests), are included. Human activities resulting in greenhouse gases and air 
pollutant emissions are changing the physical and chemical growth conditions of 
individual trees and whole forests. The same applies to forest management due to, 
e.g., changes of the tree species composition, timber use, and liming. The forest soil 
condition bears witness of all these different natural and anthropogenic impacts. 
Therefore, care and conservation of forest soils are fundamental elements of a 
sustainable use of forest ecosystems besides sustainable and environmentally 
responsible forest management and timber utilization (BMEL 2015). 

The first NFSI (NFSI I) studied the morphological, physical, and chemical status 
of German forest soils within the assessment period 1989-1992. A repetition after 
15 years allows an insight in the temporal dynamics of forest soil conditions and 
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their spatial patterns due to comparable sampling and analysis methods (see 
Chap. 1). Integration of the assessment of crown condition, forest nutrition, stand 
structure, and forest vegetation at the same samples plots provided a valuable and 
unique opportunity to evaluate the options and limitations of human utilization of 
forest ecosystems at a national scale. 

In the following chapters, main results of the NFSIs, complemented by Level II, 
and their implications for sustainable forest management as well as forest and 
environmental policies in Germany are discussed and evaluated. 


12.2 Clean Air Policies and Forest Liming Take Effect 
Against Soil Acidification 


After the acknowledgment of lake and stream acidification found in large areas of 
Scandinavia in the mid-1970s (Almer et al. 1974), and the observation of forest 
decline at the end of this decade, the effects of acidifying sulfur and nitrogen 
deposition on forests, forest soils, and their chemical status, as well as on forest 
nutrition, moved in the focus of politics and scientists. A deep-reaching acidification 
and base cation depletion, the mobilization of root-toxic aluminum ion in the soil 
solution, and a deficiency of magnesium, calcium, and phosphorus nutrition were 
identified as serious impacts on forest soils and ecosystems (e.g., Ulrich 1986b; Hüttl 
and Schaaf 1997; see also Chap. 3; Carreira et al. 1997). 'The establishment and 
development of clean air policies on both the international scale [Convention of 
Long-Range Transboundary Air Pollution CLRTAP, UNECE (1979)] and the 
national scale [Large Combustion Plant Directive in 1983, 13. BImSchV, BR 
(1983)] have significantly reduced emissions, in particular of acidifying sulfur 
oxide (SO, Fig. 12.1). 

Successful measures starting in the early 1980s included the removal of sulfur 
from waste gases of coal power plants and the introduction of catalyzers for motor 
vehicles in the Federal Republic of Germany (FRG). Contrasting policies of the 
German Democratic Republic (GDR) regime and neighbor countries (CSSR, 
Poland) during the 1960s to 1980s led to regionally high deposition of sulfur 
oxide and base-rich fly ash emitted by lignite combustion in particular of coal 
power plants. Whereas fly ash deposition buffered acid deposition in less and 
mid-distant areas to power plants (Hofmann et al. 1990), remote and elevated 
regions like the Ore Mountains with considerably lower ash deposition received 
extremely high and unbuffered sulfur oxide loads resulting in extensive forest 
damages (Zimmermann et al. 2002), comparable to regions with high sulfur oxide 
emissions in West Germany like the Harz and the Fichtel Mountains (Matzner et al. 
2004). After the reunification in 1990, consistent clean air policies were 
implemented throughout Germany. As a result sulfur and total acid deposition 
strongly decreased throughout Germany (Fig. 12.1). However, considerably less 
reduction is visible for the emission and deposition of acidifying nitrogen 
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Fig. 12.1 Temporal trend (1990/NFSI I to 2006/NFSI I) of air pollutant (NH,, NO, SO,) 
emissions (above, data source: UBA 2018) and total deposition in forests (below, modelled values; 
see Chap. 2) 


compounds [NO,, NH, (Fig. 12.1)] (UBA 2013), leading to the initiation of the 
National Emission Ceilings Directive (NECD, 2016/2284/EU) in order to monitor 
the impact of acidifying and eutrophying compounds. In 2015 acidifying nitrogen 
contributed far more to the exceedance of critical loads for acidity (CLF,.;) than 
sulfur (see Chap. 2). 

At a local scale, forest liming is a technical measure to preserve sensitive forest 
soils from acidification (see Chap. 2), in addition to forest transformation activities 
(see Sect. 12.9). Since the beginning of the 1980s, forest sites in several German 
regions on both public and private forest land have been repeatedly limed, generally 
financed, or subsidized by public sources. 

The results of the NFSIs reveal the success of these measures displaying an 
increase of soil pH values, not only in the organic layer but also in the mineral 
topsoil (see Chap. 4; Fig. 12.2). Only on limed forest sites, this is linked to a raise of 
base saturation in the upper layers of the mineral soil (Fig. 12.2) due to a surplus of 
calcium carbonate. This underlines the benefits of forest liming, in particular on soils 
with a high sensitivity of acidification 
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Fig. 12.2 Changes of soil pH (in H,O, above) and base saturation (below) in NFSI plots in the top 
mineral soil (10—30 cm depth) from NFSI I to NFSI II, non-limed (left) and limed (right) 


We can conclude that clean air policies have been successful in terms of reducing 
the acidifying sulfur input in forest ecosystems, but efforts have to be increased to 
reduce nitrogen emissions, to lower their contribution to soil acidification and 
eutrophication (see Sect. 12.3). Forest liming of soils with considerable acidification 
is furthermore recommended to balance negative impacts on soil functioning, the 
vitality, and growth of forests. Both clean air policies and forest liming contributed 
considerably to the improvement of forest conditions and forest soils in times of 
forest decline, as well as to the prevention of further decline dynamics in Germany. 
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12.3 Nitrogen Eutrophication Remains Challenging 


Eutrophication of terrestrial ecosystems occurs due to the enrichment of priory 
limiting nutrients within the soil or a water body (Bobbink et al. 2010) and is still 
considered of having major impact on forests and forest soils. While in forest 
ecosystems often a natural, site-related limitation of nitrogen (N) supply prevails, 
enhanced N deposition can induce nutrition imbalance (Oren and Schulze 1989; 
Schulze et al. 1989), i.e., a relative deficiency of other nutrients compared to nitrogen 
(Vitousek et al. 1997; Aber et al. 1998; Waldner et al. 2015), or it can improve N 
availability for trees, thus leading to increased foliar N concentrations (Tietema and 
Beier 1995). The inclination of the balance is plaid by deposition of both reduced 
and oxidized N compounds (NO,, NH,), with the maximum uptake capacity for 
nitrogen reached at saturation (Ägren and Bosatta 1988; Aber et al. 1989; De Vries 
and Schulte-Uebbing 2019). Due to this, Eichhorn (1995) and Cole (1992) define 
nitrogen saturation as a status at which nitrogen input from deposition and mineral- 
ization exceed the retention capacity, and high nitrate leaching occurs 
(>5 kg ha ' a ', Block et al. 2000; >10 kg ha ' a '; Vanguelova et al. 2010). 
This can also affect species composition of forest ground vegetation including the 
loss of rare species adapted to nitrogen-poor site conditions (Bobbink et al. 1998). 
Already an exceedance of a nitrogen deposition rate of 10-15 kg ha ! a^! can 
change forest floor species composition, increase susceptibility to pathogens, and 
vary the mycorrhiza regime (Bobbink et al. 2010). 

Varying from modelled deposition rates at the NFSI sites (see Chap. 1 and 
Sect. 12.2), oxidized nitrogen (NO,-N) deposition further decreased during the period 
from 2002-2004 to 2012-2014 at the Intensive Forest Monitoring (Level IT) sites, 
whereas reduced nitrogen (NH4-N) remained constant (Thünen Institute 2018). Mean 
total nitrogen deposition rates in Germany ranged between 10.6 kg ha ! a^! and 
40.7 kgha ' a^! (median 19.7 kg ha ' a7’) in the period from the first (1990) to 
the second NFSI (2007) (see Chap. 5). Compared to other European countries, forests 
in Germany were therefore among the more severely polluted in Europe (Michel and 
Seidling 2016) with regions exceeding 50 kg^ha '^year ! (Meesenburg et al. 2005, 
2016). 

At NESI sites, extreme exceedances (>10 kg ha! a |) of critical loads for 
eutrophying nitrogen (CL„„(N); see Chap. 2) were observed on 85% of the sites in 
1990 with a reduction to less than 50% in 2006 and less than 20% in 2015 (Table 12.1). 


Table 12.1 Exceedance risk Classes (kg ha! a) 1990 2006 2015 
in E No exceedance 0.1 0.4 1.1 
potential exceedance) on Pot. Ex. < 10 2.9 11.9 19.4 
NFSI plots in 1990, 2006, Pot. Ex. > 10 3.4 2.3 1.0 
and 2015 Ex. € 10 8.7 36.6 59.1 

Ex. > 10 84.9 48.8 19.4 


Potential exceedance is calculated from the conservative approach 
with Norit = 0.2-0.4 mg I! N 
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Nevertheless, sites with no exceedance are still rare. CL„„(N) exceedances at the time 
of the NFSI II (2006) were found to increase the occurrence of nitrophilic plant species 
in montane Norway spruce forests, particularly competitive on eutrophic sites (Ziche 
et al. 2016). 

Within the period nitrogen stocks in forest soils increased in the top mineral soil 
layer (significantly in 0-5 cm soil depth, slightly in 5-10 cm soil depth). The 
decrease of nitrogen stock in the layers below 30 cm may be caused by nitrate 
leaching or gaseous nitrogen losses. Forest soil liming, in particular when repeated, 
tends to facilitate the increase of nitrogen stock in the mineral soil (Melvin et al. 
2013) and may result in nitrate leaching (Durka and Schulze 1992). 

Overall, elevated nitrate leaching (>5 kg ha ' a^!) is not expected at the vast 
majority of NFSI sites (see Chap. 5). However, it is possible on several N-saturated 
sites with continuously high N deposition or soils with low buffer capacity (UBA 
2013). Excess nitrogen nutrition can be observed in Scots pine and oak and to a 
lesser extent in Norway spruce and European beech. Foliar nitrogen concentration 
increased in spruce and beech between the NFSI I (1990) and NFSI II (2006) with 
soil liming showing no distinct effect. With a balanced supply of nutrients being 
important for plant growth and performance, a high nitrogen status can be linked to 
nutrition deficiency, in particular of phosphorus (P) in all major tree species and 
potassium (K) in spruce and beech on one quarter of the sampled sites (see Chap. 8; 
Braun et al. 2010). 

Nitrogen deposition led to a distinct nitrogen eutrophication of forest ecosystems 
in parts of Germany. Heterogeneous spatial patterns of forest ecosystems with and 
without nitrogen eutrophication may also be due to varying, distinct nitrogen losses 
in the past, linked to the practice of litter raking inducing enormous nitrogen exports 
(up to 1.7 tN ha^! a^!, Kreutzer (1972)), as well as clear-cuts, and stand distur- 
bances stimulating the decomposition of soil organic matter. Nitrogen oversupply 
(SRU 2015) has several negative effects on forest biodiversity, partly on tree 
nutrition, and under condition of N saturation, it induces undesired nitrogen outputs, 
e.g., nitrate leaching into the groundwater and emission of nitrous oxide from the soil 
into the atmosphere. Due to this, the reduction of nitrogen emissions, in particular of 
ammonia, should have a particularly high priority in clean air policies, i.e., compli- 
ance with emission standards according to the multicomponent protocol of the 
UN/ECE convention on Long-Range Transboundary Air Pollution (CLRTAP) and 
the EU National Emission Ceilings Directive (EU NEC Directive). 


12.4 Nutrient Sustainability Limits Biomass Harvest 
Options 


Nitrogen (N), phosphorus (P), magnesium (Mg), potassium (K), and calcium 
(Ca) are macronutrients crucial for tree growth, and their deficiency can limit 
terrestrial ecosystems functioning (Ellenberg et al. 1986). Harvest losses of nutrients, 
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Fig. 12.3 Total nitrogen (N, above left) and phosphorus (P, above right) stocks, as well as 
exchangeable potassium (K, below left) and magnesium (Mg, below right) in the organic layer 
and mineral top soil (down to 10 cm depth) 


not balanced by atmospheric deposition, can only be resupplied through weathering 
of soil minerals. However, liming of an overall of 21% ofthe NFSII sites, with 51% 
being acid-sensitive, changed the base saturation and in particular Ca availability 
considerably (see Chaps. 2 and 4). 

Below average N, P, Mg, and K stocks are visible in the organic and the mineral 
soil layer down to 10 cm depth in large parts of the northeastern lowlands (Fig. 12.3). 
However, late Pleistocene sites in eastern Schleswig-Holstein and northern 
Mecklenburg-West Pomerania are an exception with higher values. Above average 
nutrient stock is found in most areas of central and southern Germany, with low 
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Table 12.2 Percentage (76) of NFSI II plots with nutrient deficiency (incl. latent range)/luxury 
nutrition (surplus range) based on foliar threshold values, according to Góttlein (2015); all defi- 
ciency percentage values >15% in bold 


Norway spruce 


Scots pine 5/54 19/1 13/1 6/20 25/4 13/0 
European beech 2/26 61/1 29/7 17/26 27/36 46/1 
Oak species 1/55 38/7 10/8 16/26 16/5 0/0 


values in the Black Forest, several sites in the Rhine-Main area, the Palatinate Forest 
(low N, P), eastern North Rhine-Westphalia (low K), and the Saarland region (low 
Mg). A high amount of nutrients were transferred from the humus layer to the 
mineral soil between the periods of both NFSIs due to a shift of organic matter 
(Grüneberg et al. 2014; see Chap. 5), thus facilitating nutrient uptake of trees. 

Foliar nutrient concentration of the major tree species is low in P (all species) and 
S (European beech, Norway spruce) at a larger number of sites. Moreover, K 
deficiency is particularly visible at several spruce and beech sites. Overall, forest 
foliar nutrition is following the sequence European beech > Norway spruce > Oak 
spec. > Scots pine (Table 12.2). In contrast, nitrogen nutrition is mostly luxurious 
and often induces P deficiency relative to N concentration (high N/P ratio; see 
Chap. 8; Braun et al. 2010; Sardans et al. 2016). Many forest sites have a limited 
natural supply of Ca, Mg, and K, which is only supplied through mineral weathering. 
Ecosystem balances of these important nutrients and base cations are often negative 
partially due to their export by drainage water in relation to a surge of accompanying 
mobile anions like nitrate and sulfate in the soil solution (see Chap. 3; Ulrich 1986b; 
Likens et al. 1996). 

Due to this sensitive balance in nutrient, harvest intensity, in particular extended 
harvest of biomass, must be carefully adjusted to the specific site conditions and the 
potential for replacing exported nutrients (Block and Meiwes 2013). Whole-tree 
harvesting (WTH, i.e., total biomass harvest above ground) which is rarely practiced 
in Germany exports the nutrient-rich tree compartments like bark, branches, and 
often needles or leaves from the forest. Thus, WHT should be restricted to sites with 
a sufficient nutrient provision ensuring the replacement of lost nutrients and sustain- 
able site productivity. 


12.5 Forest Soils Absorb Heavy Metals 


Both, geogenic concentration of parent material and atmogenic deposition, determine 
the concentration of heavy metals (As, Pb, Cd, Cr, Cu, Ni, Hg, Zn) in forest soils. 
Significant deposition effects, particularly a variance in top soil concentration, were 
observed for lead (Pb), cadmium (Cd), and mercury (Hg), whereas such effects are less 
evident for arsenic (As) and copper (Cu). Soil concentrations of the other elements 
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Fig. 12.4 Exceedance of precautionary values for arsenic (As, left) and lead (Pb, right) in the upper 
mineral soil (0-5 cm depth) 


[chromium (Cr), nickel (Ni), zinc (Zn)] are mainly determined by geogenic base 
concentration (see Chap. 6; Luster et al. 2006). In forest soils, heavy metals are 
absorbed either by mineral surfaces (following the sequence Cd, Zn « Cu « Ni, 
Cr « Pb) or by complexation with humic substances in the organic soil compounds 
(stable complexes, Pb, Cr, Ni, and Cu; weak complexes, Cd and Zn, Kónig et al. 1986). 
The heavy metal concentration (Pb, Cd, Cr, Cu, Zn) in the organic layer decreased 
significantly from the first (1990) to the second (2006) NFSI ranging from —33% 
(Pb) to — 11% (Zn). This indicates a decreased deposition of these elements between 
both NFSIs as the decrease was lower (—2%) in humus storage. An indication for a 
translocation of heavy metals into the mineral soil is missing, except for the 
relatively mobile Cd. The only element which increased within the soil concentra- 
tion is Hg, although deposition has decreased in central Europe (Ilyin et al. 2016). 
Only arsenic (As) with 11.2% and lead (Pb) with 22.1% exceed the precautionary 
values according to the Federal Soil Protection Act (BBodSchV) at a national scale. 
Such critical values are mainly recorded in specific regions like the Ore Mountains 
(As, Pb), the Harz, and the Rhenish Slate Mountains (Pb), resulting from both mining 
activity over the past century (Fig. 12.4) (Medynska-Juraszek and Kabała 2012; 
Perkovié et al. 2017) and elevated atmospheric contamination. For Pb, past atmo- 
spheric inputs of leaded gasoline still play an important role as shown by isotope 
analyses within the French forest monitoring network (Hernandez et al. 2003). 
Heavy metals are mainly absorbed in the organic compounds of the humus layer 
and in particular in the mineral soil (Luster et al. 2006). Therefore, a critical 
translocation within the ecosystem and a migration of these toxic elements into the 
groundwater are prevented. All silvicultural operations increasing and stabilizing the 
soil organic compound are thus recommended. These include low-disturbance stand 
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management without clear-cuts and mechanical soil treatments. Liming can stabilize 
the soil organic matter (see Sect. 12.7) and prevent soil acidification (see Sect. 12.2) 
as an additional measure to keep and develop the absorptive function of forest soils 
for heavy metals. Nevertheless, all emission reduction options should be used in 
order to further reduce or even stop future heavy metal emissions. In doing so, 
special attention should be paid to mercury (Hg) due to its increasing concentration 
in forest soils. 


12.6 Organic Pollutants (POPs) Persist Long Term 
in Forest Soils 


Persistent organic pollutants (POPs) can have harmful effects on humans and the 
environment paired with a low decomposition rate. These substances can accumulate 
in various environmental compartments, particularly in soils and sediments. POPs 
include polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls 
(PCBs), dichlorodiphenyltrichloroethane (DDT), and hexachlorobenzene (HCB) 
emitted for several decades and deposited throughout Germany (see Chap. 8). 

In general, low concentrations are visible for the investigated POPs in German 
forest soils. For PAHs and PCBs, lower concentrations than the precautionary values 
of the German soil protection legislation (BBodSchV) were found. Densely indus- 
trialized and urbanized regions show comparatively enhanced PAHs and PCBs 
values, e.g., in vicinity of brown-coal strip-mining areas (Aichner et al. 2015; 
Pandelova et al. 2018). The long persistence of POPs in forest soils can be seen 
for DDx applied as pesticide in the 1980s and still detected in the organic layer, 
particularly in the Eastern Federal States. The deposition and concentration of POPs 
are not significantly linked to forest type and environmental factors but on the 
presence and distance of mostly local or regional emission sources (see Chap. 7; 
Aichner et al. 2013). 

It is difficult to rule out deposition from various sources completely. However, 
significant efforts have to be taken in order to reduce any additional deposition of 
POPs in forest ecosystems due to their decade long persistence with the ecosystems. 
The application of pesticides with persistent organic compounds in forests should be 
strictly minimized and restricted to cases where other options are not available. 
Benefits of POP-pesticide application have to be carefully balanced against the 
threats. Since the concentration of most POPs is linked to the soil organic concen- 
tration (SOC) of the organic layer and the top mineral soil, high-disturbance stand 
management and soil treatments leading to decomposition of soil organic matter 
should be handled with care. 
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12.7 Carbon Sequestration in Forest Soil Supports Climate 
Protection 


Forest and forest soils in Germany sequester 52-58 Tg (= million t) CO--equivalent 
per year (reference period 1990 to 2012, year 2015) and thus play an important role 
in climate protection (Wellbrock et al. 2017; UBA 2017). Including the benefit of 
wood products from forest utilization, an additional emission amount of 36 Tg CO;- 
equivalent is annually avoided within Germany due to the substitution of fossil fuel 
through firewood (energetic substitution), approximately 30 Tg CO; equivalent by 
the substitution of energy-intensive materials by wood products and material (mate- 
rial substitution) and 3 Tg CO; equivalent through increased wood products storage 
(WBAE/WBW 2017). Thus, forest and sustainable forest utilization amounts to far 
more than 100 Tg CO>-equivalet of actual yearly greenhouse gas mitigation achieve- 
ments in Germany. However, in contrast to the forest carbon sink status of forests in 
Germany, large-scale deforestation and forest degradation in other parts of the world 
result in a global net emission of 4900 Tg CO»-equivalent per year (year 2010, 
Tubiello et al. 2015). 

The organic and the mineral layer (up to 90 cm depth) stored 1023 Tg C (year 
2012) and thus represent the second largest carbon pool in forests after forest 
biomass (1149 Tg C). In total, German forest stands and soils contained approx. 
2384 Tg C after 1951 Tg C in 1990 (Fig. 12.5), (Wellbrock et al. 2017). 

In mineral forest soils (up to 30 cm depth), the annual increase of carbon storage 
amounts to 0.4 t ha ' a^! between 1990 and 2006. Concurrently the organic layer 
lost 0.02 t C ha! a^! (see Chap. 5; Grüneberg et al. 2014). This relates to a yearly 
carbon sink rate of 15 Tg CO;-equivalent for the top soils down to 30 cm depth 
throughout Germany. 


1990 2012 

Above-ground 748 *245 
biomass 

Deadwood 11 + 
Organic layer 203 -11 
Mineral 866 +157 

soil (0-90 cm) 

Below-ground 

biomass 123 +33 


Fig. 12.5 Carbon storage [in Tg C] in forests and forest soils in Germany according to the five 
carbon pools to be reported in greenhouse gas reporting under LULUCF (Wellbrock et al. 2017) 
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These results reveal that the sustainable management of forests in Germany over 
the last decades led to carbon sequestration both in forest and forest soils as well as in 
wood products. This is complemented with a considerable avoidance of greenhouse 
gas emissions due to a substitution of fossil fuels and other energy-intensive 
materials. Thus, the combination of site-adapted, sustainable forest management 
combined with the construction of long-lived wood materials and products and the 
option of a final, energetic use (cascade utilization) provides evident benefits for 
climate protection and should be continued. Large-scale restrictions for forest 
management or even the ban of timber use would counteract climate protection 
through decreased energetic and material substitution of wood and wood products 
(WBAE/WBW 2017), as well as wood imports from larger areas outside Germany 
(Schulze et al. 2016). Forest transformation with an increase of deciduous tree 
species and soil liming has no significant effect on the amount of carbon in the 
organic layer and the mineral soil. However, both management activities contribute 
to a shift of carbon from the organic layer to the mineral soil, thus possibly 
stabilizing carbon storage in forest soils. The advantage of an increased share of 
deciduous trees, however, has to be traded off against the disadvantage of a lower 
demand of hardwood for wood products and material substitution (Frühwald and 
Knauf 2013) and the susceptibility of some of these species to climate extremes (see 
Chap. 11). Different intensities of practiced continuous cover forestry (without clear- 
cuts) are not significantly affecting carbon sequestration in forest soils (Mund and 
Schulze 2006; Jandl et al. 2011; Wäldchen et al. 2013; Grüneberg et al. 2013). 

Thus, sustainable forestry in Germany produced considerably positive effects on 
climate protection, and there are overall benefits of continuing the existing practice 
of forest management. Timber should be used as efficiently as possible, and its use 
for wood products should always be preferred to an energetic use. Initiatives aiming 
at the implementation of multiple and cascading uses of timber should be supported 
through structural measures and incentives (WBAE/WBW 2017). Due to the bene- 
fits of wood use, harvest restrictions have to be carefully considered. 


12.8 Atmospheric Pollution Interacts with Climate Change 
Impacts 


Impacts of air pollutants and atmospheric deposition on trees can change the 
response to climate and especially to extreme weather events like heat waves and 
droughts (Paoletti et al. 2007). Bytnerowicz et al. (2007) mention an increased 
sensitivity of trees with nitrogen oversupply to late frost, pathogens, and drought 
(Dziedek et al. 2016). Moreover, a shallower rooting after soil acidification can 
induce higher drought sensitivity (Ulrich 1986a). Drought is affecting trees and 
forests by its timing, duration, and intensity (see Chap. 3); a soil water availability of 
less than 2096 can induce severe consequences for forest ecosystem productivity and 
integrity (Granier et al. 2007), as well as for young trees' survival (Bolte et al. 2016). 
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The crown condition assessment at NFSI sites provides relevant insights into the 
risk status of forests to air pollution and climatic impacts (see Chap. 11). 

Norway spruce trees, with excessive nitrogen needle concentrations, show a 
significantly higher defoliation, while their condition is better at limed sites. Norway 
spruce growing on soils of low water storage capacity and high evapotranspiration 
potential exhibit more often needle losses than those on other sites. Spruce mortality 
is often high for several years after warm and dry years or storm events likely linked 
to increased bark beetle infestations (Bolte et al. 2014). Dominating risks for spruce 
are intensifying nitrogen eutrophication and climate warming with accompanying 
biotic threats. 

For European beech, similar impact factors on crown condition are evident due to 
a distinct defoliation peak after the drought in 2003 (Seidling 2007; Eichhorn and 
Roskams 2013); however, pathogens do not play an important role and overall 
mortality is low. 

Crown condition of oak species is similarly affected by climate warming showing 
higher defoliation values after the 2003 drought year. Oaks show and have been 
showing the highest defoliation of all four major tree species in Germany for 
decades. This is mainly due to pathogen impact of leaf-eating insect communities 
stimulated by warmer and longer growing seasons (see Chap. 11) which can produce 
a feedback loop on carbon cycling with enhanced releases of CO, and dissolved 
organic carbon (DOC) from forest soils after decomposition rise of organic matter 
(Arnold et al. 2016). 

These results show that a significant lowering of greenhouse gas emissions is 
urgently needed to limit ongoing climate change to an extent (<2 °C aim) to which 
forests in Germany are able to adapt. This is in particular needed, as past and current 
air pollutants have predisposed many forests to decline. 


12.9 Forest Transformation Affects Forest Soils Positively 


Forest transformation from mono-species coniferous forests with Norway spruce and 
Scots pine to broadleaved and mixed forests is a common practice of forest man- 
agement in Germany and changed forest structures considerably. Forest cover with 
spruce and pine has decreased by 329,000 ha, whereas areas with European beech, 
oak, and other broadleaved species increased by 315,000 ha from 2002 to 2012 
(BMEL 2015). 

This resulted in positive effects for forest soils: on average broadleaved forests 
exhibit lower soil acidification and higher base saturation compared to coniferous 
forests and sequester more organic matter and carbon (SOC) in the mineral soil (see 
Chaps. 2, 4, and 6). The immobilization of SOC in mineral soil horizons counteracts 
disturbances of the organic layer and top soil with SOC losses. Moreover, organi- 
cally bound nutrients are better available for root uptake. 

Due to the strongly prevailing economic role of coniferous timber for the wood 
processing sector (Dieter and Janzen 2015) and the required diversification of risks 
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for climate change impacts (Kolstróm et al. 2011), mixed forests are preferable with 
an adequate proportion of coniferous trees (WBAE/WBW 2017) adaptive to future 
climate and site conditions. Structural measures and incentives should aim at 
increasing the mixed forest area in Germany including stress-tolerant native species 
like Silver fir but also non-native species like Douglas and Grand fir. Therefore, 
ungulate browsing adverse to mixed stand regeneration and development as well as 
species diversity (Ammer 1996; Schulze et al. 2014) has to be controlled. 


12.10 Conclusions and Outlook 


Anthropogenic induced site variations due to acid and nitrogen deposition, as well as 
a changing climate, have modified forest soil traits more rapidly than expected, thus 
producing forests and forest soils with a changed ecosystem service and risk 
portfolio. 

The results of the repeated NFSIs produced new opportunities to assess the effects 
of environmental change and management on forests and forest soils. For the first 
time, status variation of forest soils and corresponding forest ecosystem traits were 
analyzed in a systematic and representative manner for Germany on a national and 
regional scale. Both the number of 1900 forest sites and the extent of the various 
parameters for crown condition, forest stand, vegetation, nutrition, and soil status 
have provided novel options to link their results with the findings of the Intensive 
Forest Monitoring (ICP Forests, Level IT), in particular for nutrient balances and soil 
processes, as well as with model approaches as demonstrated in this volume, e.g., for 
nitrogen cycling and budgeting (see Chap. 5). New possibilities also address the 
integrative assessment of forest and agricultural sites after the Agricultural Soil 
Inventory for Germany (Bach et al. 2011) will be finalized. This will enable insights 
in the sustainable development of soil organic carbon (SOC) in forest and agricul- 
tural soils with varying environmental conditions and land uses and could also allow 
for an economic evaluation of different land-use scenarios. 

The NFSI is an important monitoring instrument of the national forest assessment 
system in Germany which is codified in the Federal Forest Act (FFA, Bundeswaldgesetz 
$ 41a: Walderhebungen) and of specific meaning for political consultation of the 
evaluation of forest and soil status changes, in their extent, dynamic, and regional 
patterns based on time series produced by repeated sampling of the same forest sites 
with comparable methodologies. Based on the NFSI results, a repetition period of 15-20 
years is recommended (Fig. 12.6). Due to this, a new federal ordinance for the third 
NFSI is currently prepared for the period 2022-2024 in order to picture the dynamic 
development of soils by monitoring. 

The findings show that both, further efforts to reduce air pollution and the 
consequent continuation of a sustainable and soil conservative forest management, 
are needed to maintain and develop vital and productive forests with fertile soils. 
Therefore, the advancement and implementation of politics and structural measures 
are important. The achievements in reducing the acid burden through clean air 
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Fig. 12.6 Repetition period for significant changes of different soil status parameters based on 
analyses of the first and second NFSI. Lead (Pb), cadmium (Cd) storages are derived from the 
organic layer, whereas pH(KCI), SOC content, and base saturation are related to the upper mineral 
soil (to 10 cm depth). The dashed line indicates a period of 15 years above which significant 
changes can be expected for all shown parameters 


policies and forest soil liming demonstrate the options of concerted political action 
and local management. Only the results of the NFSI could provide evidence for these 
achievements. 

The NFSI also demonstrates the successful collaboration of the German Federal 
and the Federal State authorities in this nation-wide assessment of forest and soil 
status both on a national and regional scale. Not all research questions can be 
answered with the NFSI approach of a systematical grid sampling. Thus, several 
detailed questions like the impacts of forest soil compaction by heavy harvest 
technique require additional research with alternative approaches. However, the 
integration of results of additional soil research in the NFSI evaluation provides an 
advanced benefit. 

Finally, the major gain of the NFSI emerges from the attention and implementa- 
tion of the results in policy, administrative processes, and forest management. 
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Appendix 


Explained deviance Optimum Tolerance 

Species Frequency | (96) (96) (96) 
Acer campestre 81 21 100 

Acer platanoides 101 9 100 

Actaea spicata 28 27 100 

Aegopodium podagraria 43 20 100 

Ajuga reptans 113 15 87 31.50 
Alliaria petiolata 64 15 80 25.97 
Allium ursinum 11 23 100 

Anemone nemorosa 175 7 74 32.81 
Angelica sylvestris 32 15 100 

Aposeris foetida 12 33 100 

Arum maculatum 30 22 100 

Asarum europaeum 67 31 100 

Atropa bella-donna 32 9 84 32.40 
Brachypodium pinnatum 11 22 100 

agg. 

Brachypodium sylvaticum | 243 24 100 34.13 
Bromus ramosus 20 9 100 

Calamagrostis varia 18 28 100 

Calamagrostis villosa 42 6 0 

Calluna vulgaris 152 6 0 

Campanula rotundifolia 20 9 100 

Campanula trachelium 25 28 100 

Cardamine bulbifera 36 8 70 27.07 
Cardamine flexuosa 71 8 58 22.72 
Carex acutiformis 18 13 83 26.50 
Carex alba 15 34 100 

Carex arenaria 17 10 21 8.55 
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376 Appendix 
Explained deviance Optimum Tolerance 

Species Frequency | (96) (96) (96) 
Carex flacca 46 20 100 
Carex montana 14 23 100 
Carex ornithopoda 11 22 100 
Carex pendula 18 7 100 
Carex sylvatica 274 15 86 33.12 
Cephalanthera 18 24 100 
damasonium 
Ceratocapnos claviculata 31 6 38 18.59 
Chaerophyllum hirsutum 20 24 100 
Chaerophyllum temulum 21 14 100 
Chrysosplenium 11 12 76 23.18 
alternifolium 
Circaea lutetiana 199 11 72 27.80 
Cirsium arvense 38 11 88 32.27 
Cirsium oleraceum 26 16 100 
Clinopodium vulgare 13 30 100 
Convallaria majalis 95 5 100 
Cornus sanguinea 43 31 100 
Corylus avellana 113 7 100 
Crataegus laevigata 26 13 100 
Crataegus monogyna 84 23 100 
Dactylis polygama 72 8 76 31.25 
Daphne mezereum 36 34 100 
Deschampsia flexuosa 881 17 0 
Digitalis purpurea 204 6 31 26.54 
Epilobium parviflorum 20 7 62 23.60 
Epipactis helleborine 15 8 100 
Euonymus europaea 13 17 100 
Eupatorium cannabinum 47 9 100 
Euphorbia amygdaloides 11 23 100 
Euphorbia cyparissias 38 18 100 
Festuca gigantea 101 7 68 27.79 
Festuca rubra 25 9 100 
Filipendula ulmaria 13 15 100 
Fragaria vesca 187 23 100 41.02 
Fragaria viridis 11 17 100 
Frangula alnus 235 6 0 
Fraxinus excelsior 330 21 100 39.2] 
Galeopsis pubescens 47 6 61 24.87 
Galeopsis speciosa 12 9 73 25.25 
Galium album 18 16 100 
Galium odoratum 230 18 86 30.46 
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Explained deviance Optimum Tolerance 

Species Frequency | (%) (%) (%) 
Galium rotundifolium 80 6 100 

Galium saxatile 174 5 12 36.22 
Galium sylvaticum 47 9 100 

Gentiana asclepiadea 10 15 100 

Geranium robertianum 207 12 83 33.27 
Geum rivale 12 15 82 23.08 
Geum urbanum 169 23 95 31.00 
Glechoma hederacea 67 17 100 

Hedera helix 148 7 100 

Heracleum sphondylium 15 11 100 

Hieracium lachenalii 10 7 21 11.11 
Hordelymus europaeus 83 18 100 34.95 
Hypericum hirsutum 15 13 81 25.09 
Hypericum pulchrum 45 6 46 21.62 
Hypochaeris radicata 19 6 29 16.44 
Impatiens noli-tangere 151 5 62 27.84 
Juglans regia 16 15 100 

Knautia dipsacifolia 23 28 100 

Lamium galeobdolon 127 15 87 31.81 
Lamium maculatum 13 9 100 

Lapsana communis 44 7 65 25.31 
Lathyrus linifolius 10 5 53 21.92 
Lathyrus vernus 30 26 100 

Ligustrum vulgare 27 27 100 

Lilium martagon 10 19 100 

Lonicera xylosteum 41 21 100 

Lycopus europaeus 23 8 100 

Lysimachia nemorum 31 6 100 

Lysimachia nummularia 35 10 100 

Melica nutans 39 14 100 

Melica uniflora 115 9 71 28.05 
Mercurialis perennis 119 34 100 

Milium effusum 293 6 66 30.47 
Neottia nidus-avis 12 31 100 

Origanum vulgare 14 20 100 

Paris quadrifolia 34 15 100 

Petasites albus 11 10 100 

Phalaris arundinacea 15 6 69 27.13 
Phleum pratense 11 8 100 

Phyteuma spicatum 15 13 100 

Plantago lanceolata 12 12 100 

Plantago major 42 8 80 31.79 
Poa chaixii 21 5 66 27.24 
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Explained deviance Optimum Tolerance 

Species Frequency | (96) (96) (96) 
Polygala chamaebuxus 15 27 100 

Polygonatum verticillatum 44 9 100 

Potentilla erecta 32 5 100 

Primula elatior 42 29 100 

Prunella vulgaris 39 8 69 26.21 
Prunus spinosa 45 13 100 

Pulmonaria officinalis 18 20 100 

Ranunculus ficaria 25 11 69 22.71 
Ranunculus repens 82 7 69 28.45 
Rhamnus cathartica 12 9 100 

Rosa arvensis 22 11 100 

Rosa canina 44 9 100 

Rubus caesius 33 10 100 

Rumex sanguineus 33 7 74 30.39 
Salvia glutinosa 13 20 100 

Sanicula europaea 44 25 100 

Senecio jacobaea 11 12 28 8.72 
Sesleria albicans 12 23 100 

Solanum dulcamara 20 11 100 

Solidago virgaurea 33 8 100 

Sorbus torminalis 18 19 86 21.58 
Stachys sylvatica 139 12 85 33.10 
Stellaria holostea 127 6 68 30.04 
Tilia cordata 30 10 78 28.47 
Torilis japonica 22 11 73 24.44 
Trifolium pratense 20 11 100 

Trifolium repens 22 6 100 

Ulmus glabra 26 11 100 

Urtica dioica 442 13 69 26.68 
Valeriana officinalis agg. 14 6 100 

Veronica chamaedrys 43 9 100 

Veronica montana 19 7 67 25.68 
Veronica urticifolia 10 38 100 

Viburnum lantana 18 42 100 

Viburnum opulus 18 16 100 

Vicia cracca 22 19 100 

Vicia sepium 91 15 83 29.18 
Viola hirta 17 18 100 

Viola reichenbachiana 261 20 100 42.76 
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96, 102 
acid-sensitive sites, 38—40, 100, 117 
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Balanced nutrition, 261, 265 
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169, 176-181, 185, 186, 189, 193, 200, 
264, 270, 273, 275, 276 
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Cadmium (Cd), 13, 14, 200, 201, 203, 
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